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ABSTRACT 
In the present doctoral research, the chain relaxations and dynamics present in linear 
disentangled ultra-high molecular weight polyethylene (both pure and as a composite) were 
investigated and presented. Considering its disentangled character, the relaxation dynamics 
and the formation of entanglements were primarily analysed. Additionally, the presence of 
fillers and the effect of uniaxial orientation were also studied. With respect to the chain 
relaxation analysis, torsional rheology and broadband dielectric spectroscopy were employed 
to identify the disentangled amorphous phase in comparison with fully entangled samples. 
The rheological results gave significantly different relaxation behaviour for the disentangled 
sample, affecting all the mechanical processes namely αc-, β- and 𝛾-relaxations, with the 
latter exhibiting a non-Arrhenius temperature dependence, indicative of the dynamic glass-to-
rubber transition. This indication would support previous studies that would locate the glass 
transition temperature of linear polyethylene around -100oC. The dielectric analysis was only 
possible in the presence of Al2O3 catalytic ashes and expanded further the relaxation 
investigation by showing two types of interfacial polarization attributed to the disentangled 
and entangled amorphous phases. A common relaxation map combining rheological and 
dielectric data was constructed. In addition to the observation that disentangled ultra-high 
molecular weight polyethylene is metastable in the melt state, evidence that entanglements 
can form in the solid state by means of dielectric spectroscopy are presented. A new model is 
proposed to analyse the effect and a critical activation temperature was calculated to be 
around 60oC. 
Considering that disentangled ultra-high molecular weight polyethylene can be solid state 
processed due to its disentangled character, uniaxially oriented tapes in the presence of 
various fillers were prepared and analysed for draw ratios up to 150 times. An in-depth 
structural analysis was performed by means of Raman spectroscopy, visible/near infrared 
spectrophotometry, small-angle and wide-angle X-ray scattering and the potential application 
of oriented disentangled ultra-high molecular weight polyethylene nanocomposites as 
dielectric materials for capacitor applications was investigated. With orientation, the recovery 
efficiency was found to increase significantly (up to 30 times) indicating that disentangled 
ultra-high molecular weight polyethylene could be successfully used as capacitor material. 
The thermal conductivity was found to increase up to 15 times along the orientation axis, 
which is a paramount property to dissipate heat in capacitor materials. The formation of 
entanglements was also investigated in uniaxially oriented samples and was found to affect 
both the interfacial polarization response and the dc conduction. 
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"Τό γάρ άπειρον ουδέν άλλο ή ύλη έστιν ού δύναται  
δ' ή ύλη είναι ενέργεια, αν μή τό ποιούν ύποκέηται" 
 
"Because infinity is nothing but matter;  
matter cannot be energy unless there is a cause" 
 
 
 
 
 
 
 
Flavius Aetius (391 AD – 454 AD) on Anaximander’s (610 BC – 546 BC) Theory of Infinity. 
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Introduction 
 
     The word ʺpolymerʺ is a composite word that derives from the Greek words ʺπολύʺ and 
ʺμέρηʺ and translates in to something that consists of many parts. Hermann Staudinger was 
the first to identify polymers as macromolecules of repeating units, initiating the era of 
Polymer Chemistry. For his work, Hermann Staudinger was awarded the 1953 Nobel Prize in 
Chemistry and changed modern society irreversibly. Since then, the scientific and industrial 
interest towards polymers has advanced in such extent, that various areas of expertise need to 
join forces, from Chemistry, Physics and Materials Science to Chemical, Mechanical, 
Electrical, Pharmaceutical and Materials Engineering, all with a common goal, to understand 
and appreciate polymer properties and utilize them for the progress of society. Hence, 
understanding the chemical and physical properties of polymeric materials, researchers can 
invent new ways to employ and advance them. Among all the different classes of polymers, 
polyethylene (PE) is the most commercially important, ranging from low-cost everyday 
products like pipes and cable insulation to high-end applications like artificial hips and high-
strength parts for the aerospace industry.  
     When the molecular weight exceeds 106 g/mol and the chains are linear (no branches) then 
the resulting polyethylene grade is called ultra-high molecular weight polyethylene 
(UHMWPE). It has been possible to synthesize ultra-high molecular weight polyethylene that 
is less entangled and at temperatures above the melting (> 140oC) it is metastable due to the 
formation of entanglements. This disentangled ultra-high molecular weight polyethylene 
exhibits very interesting physical properties and possesses the ability to be solid state 
processed to maintain some of its disentangled character. More information on the literature 
about disentangled ultra-high molecular weight polyethylene and its solid-state processing 
can be found in Chapters 1 and 2 respectively. 
     In the present doctoral research, the physical properties of disentangled ultra-high 
molecular weight polyethylene and its nanocomposites are investigated. The main objectives 
of this work can be summarized in the five questions below: 
(1) What is the role of the disentangled amorphous phase upon the mechanical and 
dielectric relaxation dynamics in a broad range of temperatures and frequencies? 
(2) Is the solid state metastable like the melt state? 
(3) How does uniaxial orientation affect the physical properties? 
(4) How does uniaxial orientation affect the formation of entanglements? 
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(5) What is the role of nanofillers in the resulting physical properties with or without 
uniaxial orientation? 
     Chapter 3 section 1.1 of the present dissertation provides the mechanical relaxation 
dynamics of disentangled ultra-high molecular weight polyethylene compared to a fully 
entangled UHMWPE sample while the dielectric relaxations are examined in Chapter 3 
section 1.2; the comparison between the two techniques in terms of relaxation dynamics is 
given in Chapter 3 section 1.3 (Question 1). Chapter 3 section 2 provides experimental 
evidence that entanglements are forming also in the solid state, as examined by dielectric 
spectroscopy, above a critical temperature (Question 2). The effect that uniaxial orientation 
has upon the structure, the thermal conductivity and the dielectric properties was investigated 
in Chapter 4 section 1 (Question 3). With dielectric spectroscopy it was possible to study the 
formation of entanglements as a function of orientation, and how it affects the dc 
conductivity of the system (Question 4). Finally, the presence of nanofillers and how they 
affect the physical properties was thoroughly examined in most of Chapter 3 and all the 
Chapter 4 (Question 5).   
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1. Literature Review 
 
     Polyethylene is an alkane (–CH2–CH2–) with a degree of polymerization ranging from 100 
to over 250,000 resulting in molecular weights that exceed 10,000,000 g/mol. There are 
several types of polyethylene materials, depending on their molecular weight and branching 
degrees [1]. Low density polyethylene (LDPE) is a common type of industrial polyethylene 
used for cable applications and is characterized by a substantial concentration of branches 
that hinder its ability to crystallise, hence resulting into low crystallinity values [2–5]. Cross-
linked polyethylene (XLPE) can also find use in electrical insulation applications since they 
exhibit high breakdown strengths [6]. High density polyethylene (HDPE) contains a low 
branching concentration and therefore is mostly linear. Naturally, due to its linear chains, 
HDPE has a high degree of crystallinity and hence is most resistant to radiation [7]. Ultra-
high molecular weight polyethylene (UHMWPE) differs from HDPE in the average chain 
length, where it exhibits 10 to 100 times higher degree of polymerization, resulting in average 
molecular weights above 106 g/mol [8,9]. In the Table 1.1 presented below, thermal 
information for these materials as reported in the literature is shown.  
 
Table 1.1. Melting peak and average crystallinity of PE types [10,11].  
Polymer Melting peak (oC) Crystallinity (%) 
LDPE 114.1 43.8 
HDPE 132.1 74.3 
UHMWPE 137.2 56.9 
 
     The molecular characteristics of plain polyethylene after uniaxial orientation were firstly 
studied during the 50s and 60s by the group of Richard S. Stein in Amherst, Massachusetts. 
They observed that upon stretching, both the crystalline and amorphous polymer chains were 
oriented, thus, affecting the optical properties [12,13]. They draw a connection between the 
structural information (spherulitic dimensions) and the resulting optical and thermal 
properties [13–15]. In the same university, during the late 70s, the group of  Roger S. Porter 
achieved higher stretching orientations than ever before (over 30 times the initial length), 
after processing HDPE in the solid state below the Tm [16]. They also discovered that 
oriented samples possessed enhanced mechanical properties such as high tensile modulus and 
strength due to the increase and orientation of the crystalline phase and also due to the 
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preferential movement of defects along the stretching axis [17–19]. The increase in 
crystallinity induced by orientation was observed by their group by means of wide-angle X-
ray scattering and the fibril orientation was characterized by means of small-angle X-ray 
scattering respectively [20,21]. The mechanical properties of the oriented tapes of HDPE 
were highly affected by molecular weight (enhanced as Mw increased) and were found to be 
unaffected by the molecular weight distribution [18].   
     Several fillers have been employed over the years to modify and reinforce the properties 
of polyethylene to satisfy several applications. Even from the early 70s, polyethylene was 
considered a great candidate for orthopaedic applications such as joint replacement [22]. For 
such applications, fillers like carbon fibres and graphite have been employed to achieve better 
mechanical properties [23–25]. Alternative composites for bone replacement and green 
applications were reinforced with hydroxyapatite and wood fibres respectively [26,27]. To 
enhance  the electrical and thermal conduction properties, metal particles were found useful 
due to their significantly higher conductivities than the fully insulating polyethylene [28,29]. 
Electrically speaking, the insulating character of polyethylene has attracted the interest of the 
polymer physics community, not solely because of the application as mentioned earlier, but 
for the dynamics as well. As it will be discussed later on, polyethylene is an ultra-low loss 
material and suitable fillers are needed as dielectric probes in order to determine its dielectric 
relaxation processes [30–33]. 
     Industrially speaking, polyethylene is the most important and commercialized polymer 
and it covers over a third of the total plastic production worldwide [34]. A relatively narrower 
market share is occupied by UHMWPE, the linear highly crystalline analogue with an 
average molecular weight exceeding 106 g/mol, used especially for high-end applications, 
like the biomedical sector [9,35,36]. As mentioned earlier, due to UHMWPE’s very high 
molecular weight and linear character, each chain is very long, resulting into a highly 
entangled melt state. As a result, UHMWPE is difficult to process with conventional 
thermoplastic methods due to the extremely high viscosity of this highly entangled melt 
[9,37,38]. These techniques traditionally include extrusion, injection moulding and film 
blowing at temperatures considerably higher than the melting (usually at temperatures over 
190oC) [39–41]. To prepare UHMWPE fibres, another processing technique is employed, 
known as gel-spinning, where a reduction of entanglement is realized through the use of 
dilute solutions (less than 10% w/w of polymer) of UHMWPE in suitable solvents like 
decalin [42] and paraffin oil [43]; the resulting fibres have been found to exhibit very high 
tensile strength (8 GPa) comparing to the pristine UHMWPE (0.04 GPa) [43], but very high 
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amounts of solvents need to be used and recycled in this process.  The aforementioned high 
amounts of solvents are employed to decrease the entanglement density and achieve better 
drawability and to reduce the melting point. In order to overcome this issue, the realisation of 
ultra-high molecular weight polyethylene with a reduced number of entanglements i.e. 
disentangled (dis-UHMWPE) has been made by means of both pre- and post-synthesis 
methods [44–47]. Dis-UHMWPE presents significantly improved processability when 
compared with entangled UHMWPE. However, chain reptation in the melt results in the 
formation of entanglements, progressively increasing the viscosity of the polymer (the 
molecule is confined within a virtual tube of a thickness determined by entanglements from 
neighbouring molecules and exhibits snake-like movement, i.e. reptation). Hence, molten dis-
UHMWPE should be considered a material in a non-equilibrium state, where the kinetics of 
entanglement formation are governed by several factors such as temperature, molecular 
weight, initial number of entanglements and presence of fillers. Rheology has proved to be an 
effective method to follow the formation of entanglements in the melt, both in the presence or 
absence of fillers [48–50]. It has been reported that the value of the real part of mechanical 
shear modulus, G', of dis-UHMWPE approaches that of entangled UHMWPE once the 
equilibrium, fully-entangled state is reached [49–51]. Rheological studies have also allowed 
to determine molecular weights and their distributions of such polymers [49,50,52]. 
However, one major limitation of the dynamic rheological analysis is the upper frequency 
limit since most rheometers can reach up to 100 Hz, although the use of piezoelectric 
resonators can extend the frequency range [53]. This limitation is crucial in the study of 
processes with very short relaxation times were higher frequencies (or lower temperatures) 
are required that otherwise might be outside the experimentally observed window of 
frequencies, like sub-relaxations of various polymers including polyethylene. To overcome 
this issue of limited frequencies, broadband dielectric relaxation spectroscopy (BDRS) is a 
powerful experimental technique to investigate the interaction of electromagnetic waves with 
matter in the frequency range of 10-6 to 1012 Hz. Combining the broad frequency range with 
temperature variations, BDRS can identify different processes in polymers and polymer 
composites such as polarization and conductivity phenomena, molecular dipolar fluctuations, 
thermal transitions, charge transport and interfacial polarization [54,55]. The properties of 
pure UHMWPE have not been thoroughly investigated from a dielectric relaxation point of 
view, although some research articles have used BDRS to analyse the electrical properties of 
UHMWPE based nanocomposites intended for capacitor applications [11,56–59]. Dielectric 
and mechanical dynamic analysis can be employed in parallel to analyse the relaxation 
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behaviour of polymeric materials, although in some cases, processes arising from the same 
phenomena might appear at different relaxation times [60]. 
     Considering the aforementioned unique properties of dis-UHMWPE, it has attracted the 
interest of several research groups around the globe where a few notable examples are going 
to be briefly discussed from the last 5 years (since 2014) in order to relate the present 
doctoral work with the interests of the community. The mechanisms underlying the formation 
of entanglements still bother the researchers working with dis-UHMWPE. With tensile tests 
conducted above melting (to avoid the contribution of the crystalline part), the effect of 
sintering time (0.25, 2 and 20 hours) and sintering temperature (150oC, 200oC and 250oC) 
were investigated varying the molecular weight (0.6 – 10.5 Mg/mol) [61]. It was observed 
that the diffusion of chain segments depends strongly on the molecular weight and thus the 
entanglements formation is affected (hindered) as the molecular weight increases. In parallel, 
findings indicated that the variation in sintering temperature affects more the entanglement 
density (a quantity related with the reciprocal average molecular weight between 
entanglements) than variation in the sintering time; the significance of temperature upon the 
formation of entanglements indicates that is an energy dependent process (an energetic 
barrier needs to be exceeded) [62]. The molecular weight dependence agrees with melt 
rheology experiments conducted from our group which are discussed in section 2 of the 
present chapter. A discussion about the entanglements formation energy barrier is provided in 
Chapter 3 section 2 from a relaxation dynamics point of view. Considering the lower 
viscosity of dis-UHMWPE due to lower entanglement density, it was found that it can be 
melt injection moulded; the injection moulding technique was observed to induce and orient 
the crystalline structure, enhancing thus the resulting mechanical properties [63]. 
Understanding the formation of entanglements mechanism and the parameters that affect it, is 
useful in improving the miscibility of dis-UHMWPE with other polymers. The extremely 
long chains of UHMWPE contribute into its great mechanical properties (high impact 
strength and wear resistance) making it a great candidate as a reinforcement in polymer-
polymer composites and blends. Another polyethylene grade of particular industrial interest is 
HDPE, making it ideal as a host matrix to UHMWPE because of its common characteristics 
i.e. linear chains and high values of crystallinity. However, melt rheology experiments have 
indicated poor dissolution of fully entangled UHMWPE with HDPE due to high melt 
viscosity values (the zero-shear melt viscosity of UHMWPE is ~107 times higher than 
HDPE) and thus a low self-diffusion coefficient; the use of dis-UHMWPE resulted into good 
dissolution with the HDPE matrix, according to the lower mechanical loss values (tanδ = 
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Gʺ/Gʹ), and exhibited considerable strain hardening at low dis-UHMWPE concentrations 
(1%) [64]. It was confirmed via small amplitude oscillatory shear measurements that at least 
50% of the dis-UHMWPE chains were fully dissolved in the HDPE matrix due to the higher 
mobility of the disentangled chains [65]. At higher dis-UHMWPE concentrations (10%) the 
observed tensile strength of the resulted blend was almost doubly increased (from 45.7 MPa 
to 83.1 MPa) [66]. Efforts to produce more uniform UHMWPE/HDPE blends by in situ 
polymerization techniques have also indicated that the low entanglement density of dis-
UHMWPE is paramount for good interconnection between the two polymers [67]. The 
addition of fillers to reinforce dis-UHMWPE has also been investigated in the recent 
literature, also in comparison with the chain dynamics, like in the case of polyoctahedral 
silsesquioxanes (POSS) that retarded the polymerization due to electron transfer to the 
catalyst and increased the entanglement density, the thermal stability and the hydrophilicity 
[68]. The increased entanglement density was observed by means of melt rheology and was 
attributed to the high surface of the nanoparticles and their strong interaction with the 
UHMWPE chains. The thermal stability was improved in the order of ~20oC, according to a 
thermogravimetric analysis investigation and the contact angle of dis-UHMWPEPOSS film 
with ultrapure water decreased from 84o to 75o. In addition, it affected the lamellae thickness 
quantitively (since POSS was incorporated in the polymer chains) and slightly increased the 
crystallinity by 3%, both studied by means of differential scanning calorimetry [69]. In 
another case, the mechanical properties and the ability of dis-UHMWPE to be solid-state 
processed were found to enhance in the presence of graphene oxide nanosheets that affected 
the polymerization process resulting into an even lower entanglement density [70]. According 
to the authors, the presence of graphene oxide allowed the polymerization of a few chains on 
top of the nanosheets and increased the average distance between the chains, contributing to a 
decreased entanglement density. As it can be observed from the research efforts of other 
researchers, the main focus of dis-UHMWPE related research concentrated on the 
entanglement density and how it can affect the resulting properties, which is the ultimate goal 
of the present doctoral dissertation.  
     The past decade progress and innovation towards the scientific (chemistry and physics) 
and engineering (processing) characteristics of dis-UHMWPE have been also explored 
specifically by our group based in the Department of Materials in Loughborough University. 
The aforementioned advancements have been published in peer review journals and are the 
literature basis for the present doctoral work. The aim of this work is to advance further some 
scientific topics regarding dis-UHMWPE and therefore is based on the published know-how 
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that concerns the physical properties of the specific polymer. In the following literature 
review, a specific mention is going to be stated when addressing characteristics of dis-
UHMWPE that were investigated from our group. 
 
1.1. Polyethylene’s crystalline structure 
     A semi-crystalline polymer can be considered as a mixture of crystalline and amorphous 
regions present in the same macromolecular chain [71]. The presence of these two phases and 
their interaction, are definitive for the resulting physical properties of a polymeric material.  
     The realistic arrangement at which the linear polymer chains crystallize, can be found 
between two extreme conditions that are presented in Figure 1.1 below. In one case, each 
chain crystallizes to the maximum possible extent producing a regularly folded arrangement 
while in the other case, a completely random sequence of the location of the chain within the 
crystal results into less crystals per chain length and crystalline defects [72]. It is also obvious 
from the graph that in the latter case, the amorphous loops are entangled and of variable 
length. 
 
 
Figure 1.1. Crystalline structures of thickness ζ of regularly folded chains (left) and irregular 
folded chains (right). The graph was taken from P.J. Flory (1962) [72]. 
     The crystalline structure of polyethylene has caught the interest of scientists since the 
1930s with C.W. Bunn’s revolutionary work proving the crystalline structure of polyethylene 
exceeding 130 carbon atoms, to be orthorhombic, via X-ray scattering [73]. It was previously 
realized that the positions of the atoms participating in a crystal are aligned in a plane zig-zag 
way, as it can be appreciated in Figure 1.2 below [74]. The dimensions of the linear 
polyethylene’s orthorhombic cell at 23oC are: a = 7.4069 Å, b = 4.9491 Å and c = 2.55117 Å 
(where a, b and c can be found in Figure 1.2 respectively, with c being along the chain) and 
produce a crystal density of 0.9962 g/cm3 [75]  
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Figure 1.2. A 2D (top) and 3D (bottom) representation of a crystalline (orthorhombic) 
polyethylene chain. The images were obtained from Alsaygh et al., (2014) [76]. 
 
     The orthorhombic crystal phase possesses anisotropic mechanical properties where the 
mechanical modulus is 3.2 GPa, 3.9 GPa and 216 GPa in the a, b and c direction respectively 
[77–79]. This anisotropy is a result of the pronounced difference in the attractive bond forces 
between the atoms along the chain and perpendicular to it. When the crystalline structures are 
randomly distributed within a polyethylene sample, macroscopically the material is isotropic. 
The (110) and (200) crystallographic planes of the orthorhombic polyethylene crystal are 
given in Figure 1.3 below. According to the Wulff-Bragg condition (Bragg’s law), a relation 
between the distance between atoms in the crystal lattice, d, the scattering angle, 2θ, and the 
wavelength of the beam, λ, can exist as seen below with n a positive integer: 
𝑑 =  
𝑛𝜆
2𝑠𝑖𝑛𝜃
                                                                                                                                        (1.1𝑎) 
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However, since the scattering angle is wavelength dependent and various research groups 
around the globe might employ X-ray beams of different wavelength, the momentum transfer 
vector, q = 4π sin θ/λ, was introduced as seen below: 
𝑑 =  
2𝑛𝜋
𝑞
                                                                                                                                            (1.1𝑏) 
 
 
Figure 1.3. The two most intense diffraction peaks of polyethylene’s orthorhombic crystal 
phase (left) with their corresponding cell planes (right) The graph was taken from L.M. 
Lozano-Sánchez et al., (2018) [80].  
 
     Two additional crystalline phases have also been discovered; the less stable monoclinic 
phase (Figure 1.4 top) present in samples after mechanical stress and the high-pressure (300 
MPa) hexagonal phase (Figure 1.4 bottom). The hexagonal phase has been found via wide-
angle X-ray scattering to form at temperatures close to the melting, a transition that can also 
be achieved after irradiating the polyethylene samples with γ-rays at 40oC – 45oC [81–83]. In 
specific thermodynamic conditions (250oC and 330 MPa) three phases of polyethylene can 
co-exist (triple point) namely orthorhombic, hexagonal and melt states [84,85].  
 
Stavros X. Drakopoulos, PhD thesis, September 2019, Loughborough University 
 
27 
 
 
Figure 1.4. The monoclinic (top) and hexagonal (bottom) crystal cells of linear polyethylene, 
including the cell dimensions. The image was obtained from G.-R. Nejabat (2018) [86].  
 
     Although the crystalline structures of disentangled and fully entangled commercial 
UHMWPE samples are the same (including the lamellae thickness of around 20 nm), 
significant differences in the crystal size and morphology have been observed, as investigated 
in previous works from our group. The lateral dimensions of a dis-UHMWPE crystal are 
significantly larger (over 1 μm against 0.3 μm [46]) comparing to those of a commercial 
sample, attributed to the chemical synthesis conditions (discussed in Chapter 2 section 1); 
during the synthesis of a commercial sample, the relatively small distance between the active 
sites and their high density, are favouring the formation of more but smaller crystals [87,88]. 
The low concentration of the single-site catalyst employed for the polymerization of dis-
UHMWPE is responsible for the formation of large crystals consisting of single chains, as the 
active sites of the catalyst are considerably far away from each other (in a molecular scale) 
[89]. The aforementioned concept can be simply observed by means of Scanning Electron 
Microscopy (SEM) as presented in Figure 1.5 below, with the dis-UHMWPE sample (Figure 
1.5a) exhibiting a ‘’flower’’ morphology with each pedal corresponding to a crystalline unit 
[90].  
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Figure 1.5. The surface morphology of (a) a pristine disentangled UHMWPE sample and (b) 
a commercial fully entangled UHMWPE sample, as obtained by means of SEM. The pictures 
were obtained from A. Pandey et al., (2011) [90]. 
 
     In addition to the differences in lateral dimensions, the crystals originating from dis-
UHMWPE, after the sample is removed from the reactor (nascent), consist mostly of a single 
chain, as explained previously. Because of this, the chain is regularly folded when re-entering 
the crystal in a tight form, as presented below in Figure 1.6a. The crystals of a commercial 
fully entangled sample are shared between different polymer chains, with entanglements on 
the crystal surface contributing into less folded structures (Figure 1.6b). Finally, regardless of 
the entanglement density, after melt processing the pristine crystalline structure is destroyed, 
resulting into crystals consisting of several chains and highly entangled loops (Figure 1.6c) 
[90]. The aforementioned concepts for dis-UHMWPE have been investigated thoroughly in 
the literature by means of thermal analysis [89,91,92]. 
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Figure 1.6. Schematic representation of the UHMWPE crystal morphology for (a) nascent 
disentangled crystals, (b) nascent commercial crystals and (c) crystals after melting. The 
black lines correspond to one specificpolyethylene chain while the red lines correspond to 
additional chains. The graph were taken from A. Pandey et al., (2011)  [90]. 
 
     The structure can also be investigated by means of neutron scattering and Raman 
spectroscopy and the crystallinity concentration can also be estimated by means of 
differential scanning calorimetry [93–95]. Discussion about the crystal morphology and size 
is further given in Chapter 3 section 1.1 in parallel with torsional rheology and DSC 
experimental results. The crystallographic characteristics of dis-UHMWPE varying the draw 
ratio have been investigated in Chapter 4 sections 1.1, 2 and 3 where an increase in 
crystallinity is observable from relatively low draw ratios up to high draw ratios and no phase 
change (from orthorhombic to monoclinic) was observed.   
 
1.2. Polymer chain entanglements 
     For decades the dynamic properties of concentrated polymer solutions and melts were not 
well understood above a critical molecular weight, until Nobel laureate Pierre-Gilles de 
Gennes’ (1932 – 2007) tube theory of entangled systems [96]. The chain dynamics are 
governed by the presence of topological constraints caused by neighbouring chains, namely 
entanglements, as seen in Figure 1.7 below. These entanglements restrict the diffusion of the 
chains into a snake-like motion (reptation) along an imaginary tube [97]. The effect of 
entanglements on the chain dynamics can be considered as cross-links of finite (temporary) 
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life-time [98,99]. This parallel with cross-links has been reinforced by experimental 
observation of an increasing elevation of the glass-to-rubber transition temperature with 
increasing molecular weight [100]. Since the 60s, it was already apparent that only above a 
critical molecular weight this effect is observable in either polymer solution or bulk 
conditions, with the molecular weight between entanglements, Me, to be characteristic for 
each amorphous polymer system [101].  Figure 1.8 shows that viscosity increases in a non-
linear way with the molecular weight that is attributed to the formation of entanglements after 
a critical molar mass. At molecular weights lower than this critical molecular weight, the 
chain dynamics follow the Rouse theory, neglecting thus all the hydrodynamic interactions 
between monomers [102]. 
 
 
Figure 1.7. Schematic representation of polymer entanglements in a polymer chain of 
molecular weight M and average molecular weight between entanglements Me. The graph 
was taken from D.T. Turner (1977) [100].  
 
 
Figure 1.8. The zero shear viscosity, η0, as a function of molecular weight for polyethylene. 
The graph is taken from J.T. Padding and W.J. Briels (2002) [103]. 
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     By employing a homogeneous catalyst during the polymerization of UHMWPE, it is 
possible to form disentangled high molecular weight polymers at room temperature; the low 
temperature is paramount to crystallize the polymer chains so fast so they form (almost) 
monomolecular crystals i.e. crystalline structures that are consisted of only one/few polymer 
chains [46]. Consequent to melting, the disentangled polymer molten chains are 
thermodynamically out of equilibrium, thus entanglements start to form, affecting the 
mechanical properties by building up the elastic modulus [104]. This effect can be 
appreciated graphically for one disentangled and one entangled sample (Figure 1.9a) and two 
samples of different molecular weight (Figure 1.9b), according to Equation (1.2) which 
connects the average molecular weight between entanglements, <Me>, with the elastic 
modulus in conditions of thermodynamic equilibrium, as explained below [105]:  
𝐺𝑁
0 =
𝑔𝑁𝜌𝑅𝑇
〈𝑀𝑒〉
                                                                                                                                       (1.2) 
where 𝐺𝑁
0  is the plateau modulus at thermodynamic equilibrium state, gN is a numerical 
factor, ρ is the physical density of the material at the absolute temperature T, R is the gas 
constant and Me is the molecular weight between entanglements and it is inversely 
proportional to the entanglement density.  
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Figure 1.9. The real part of mechanical modulus as a function of time at 160oC of (a) a 
disentangled UHMWPE sample (black points) and an entangled UHMWPE sample (red 
points) of similar molecular weights; (b) two initially disentangled UHMWPE samples of 
molar masses 2.0*106 g/mol (▲) and 5.3*106 (■) g/mol. The graphs were obtained from K. 
Liu et al., (2016) [49] and S. Talebi et al., (2010) [104] respectively. 
 
     As it can be appreciated from Figure 1.9a, the mechanical properties of a disentangled 
UHMWPE sample as expressed by means of the real part of mechanical shear modulus, G', 
are time dependent where the G' values increase until a plateau value that indicates the fully 
entangled equilibrium state. On the other hand, the fully entangled sample exhibits a very 
narrow variation in the G' values and it reaches the plateau at a significantly shorter time 
indicating that the material was at equilibrium [49]. The short increase in the beginning 
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corresponds to the formation of entanglements of the just molten crystals. The effect of 
molecular weight of dis-UHMWPE sample is presented in Figure 1.9b where the timescale of 
the entanglements’ formation is different for each sample, with the higher molecular weight 
samples requiring more time to reach the fully-entangled equilibrium. This is due to the fact 
that the internal friction that hinders the movement of a particular chain increases with 
molecular weight. In addition, when the formation of entanglements is followed via melt 
plate-plate rheology, an initial rapid increase of the real part of mechanical modulus can be 
observed, followed by a second slower increase, until equilibrium is reached. Thus, according 
to Liu et al. (2016), the curve can be divided into two regions, with the first drastic change to 
be considered as the chain explosion, i.e. formation of entanglements in the disentangled 
amorphous phase that in the solid state consisted of the pristine crystalline domains. The 
slower change is due to chain reptation and further entanglements as shown with both 
rheological experiments and the rate at which the low temperature endothermic peak 
(associated with crystalline structures formed in the entangled amorphous phase) increases 
with the annealing time [49]. The comparison between a disentangled UHMWPE sample and 
a commercial fully entangled one, and the molecular weight effect on disentangled 
UHMWPE samples, have been investigated in our group. 
     As explicitly shown in Equation (1.2), the lower the average molecular weight between 
entanglements, the higher the mechanical modulus and thus the viscosity of polyethylene, 
with samples exceeding 106 g/mol to be very challenging to melt process with conventional 
methods. Since disentangled samples are characterized by higher crystallinities and 
considerably less entangled amorphous regions, they are capable of being processed even in 
the solid state, close to the melting temperature and produce highly oriented (uniaxially or 
biaxially) tapes [48]. As mentioned previously, Equation (1.2) applies in conditions of 
thermodynamic equilibrium; hence, it is not correct to use the equation in a reverse 
engineering way and calculate the average molecular weight between entanglements, <Me> 
from a build-up graph (like the data presented in Figure 1.9) and thus calculate the exact 
value of the entanglement density. In order to have thermodynamic equilibrium, the physical 
density, ρ, of the material needs to be constant at a specific temperature; with the formation 
of entanglements the physical density increases constantly over time since the amorphous 
disentangled polymer chains entangle. In addition, it is unknown whether the numerical 
factor, gN, is time-dependent at non-equilibrium conditions and also the measurement 
requires the application of strain that is concentrated in the weak points of the melt [61] 
making thus the calculation with Equation (1.2) only an estimation [106]. Furthermore, in the 
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disentangled non-equilibrium state, disentanglement and entanglement of the chains due to 
reptation occur simultaneously with the rate of entanglement formation exceeding the rate of 
disentanglement; the two rates become identical once equilibrium is achieved [62]. 
     As explained previously, until recently it was assumed that the formation of entanglements 
initiates upon melting [104]. However, part of the aims of this doctoral thesis was to provide 
sufficient experimental evidence that entanglements may form at lower temperatures in the 
disentangled amorphous phase. In order to investigate this, a complementary technique to 
melt plate-plate rheology was employed so experiments in the solid state could be performed. 
This is explained in Chapter 3 section 2 and for oriented samples in Chapter 4 section 1.4 
with the use of dielectric spectroscopy. Not only it was experimentally observed that 
entanglements are forming at temperatures as low as 80oC (~60oC below the melting) but also 
the entanglements activation temperature was calculated to be 58oC via a model that we have 
proposed [107].  
 
1.3. Relaxation Dynamics 
1.3.1. Dielectric Relaxation 
     The interaction of electromagnetic waves with molecular systems at frequencies between 
10-6 and 1012 Hz induces relaxation and electrical conductivity phenomena arising from the 
reorientation of molecular dipoles and the translational motions of electrons or ions 
respectively [108]. Combining the broad frequency range with temperature variations, BDS 
can identify different processes in polymers and polymer composites such as polarization and 
conductivity phenomena, molecular dipolar fluctuations, thermal transitions, charge transport 
and interfacial polarization [54,55]. Nobel laureate Peter Debye (1884 – 1966) established the 
dielectric relaxation for dipolar liquids and solids, which is the dispersion of the real part of 
dielectric permittivity ε' and the imaginary part of dielectric permittivity ε" at the frequency 
domain [109–111]. Historically, four basic schools emerged within the field of dielectrics, 
utilizing different formalisms to analyse similar data. The ''dielectric'' school mainly uses the 
complex dielectric permittivity [ε*(ω) = ε'(ω) - iε"(ω)], the ''semiconductor'' school uses the 
ac conductivity [σ*(ω) = σ'(ω) + iσ"(ω)], the ''ionic'' school prefers the complex electric 
modulus [Μ*(ω) = Μ'(ω) + iΜ"(ω)] and finally the ''electrochemistry'' school presents the 
data using the complex impedance [Z*(ω) = Z'(ω) - iZ"(ω)] [112]. All different formalisms 
are equally important and each of them can be proven more useful than others at times, 
depending on the materials’ molecular characteristics and experimental environment [113]. A 
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comparison between the four basic dielectric formalisms can be appreciated in Figure 1.10 
below. 
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Figure 1.10. The comparison between the four basic dielectric formalisms (imaginary parts 
of: dielectric permittivity ε'' (black), electric modulus M'' (red) and impedance Z'' (blue), the 
real part of electrical conductivity σac (green)) as a function of frequency in an ideal system 
consisting of two basic phenomena, a Debye dipolar relaxation and dc conductivity.  
      
     In Figure 1.10, the four basic dielectric formalisms are presented as a function of 
frequency for an ideal system consisting of a Debye dipolar relaxation and dc conductivity. In 
this representation, it is illustrated that the different formalisms discussed carry the same 
dielectric information. The Debye dipolar relaxation is presented as a peak in ε'', M'' and Ζ'' 
while the dc (Ohmic) conductivity can be interpreted as a line independent of frequency in 
the σac representation, as a line with a slope of -1 in the logε'' vs logω representation and as a 
peak (conductivity relaxation) in the M'' and Ζ'' representations respectively. Another useful 
piece of information that can be extracted from Figure 1.10 is that the frequency loss peak 
position of the Debye dipolar relaxation, as observed in loss permittivity, shifts to higher 
frequencies in the loss modulus and loss impedance formalisms and thus should be treated 
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with care during the temperature dependence of the dielectric relaxation processes. 
Additionally, the conductivity relaxation as observed in loss modulus and loss impedance, 
exhibits a Debye-like peak. 
     To study strongly heterogeneous systems (like polymer nanocomposites) the application 
of complex electric modulus has been proven beneficial and advantageous comparing to the 
classically used complex dielectric permittivity [114–116]. This is partially due to the fact 
that the complex electric modulus formalism minimizes the presence of electrode 
polarization, a parasitic effect that is due to the sample’s conductivity and masks the 
material’s true dielectric behaviour, and also the contribution of dc conductivity which 
transforms into a peak as explained previously [54,112,117]. The dielectric behaviour of 
these heterogeneous systems is heavily dominated by an additional capacitance that derives 
from polarization effects of the interface between the constituents that form the 
heterogeneous system [118]. This effect can be present in semicrystalline polymers with the 
amorphous regions of the polymer chains to be considered as the continuous matrix phase, 
and with the rigid crystallites in the role of the inclusion [119,120] or polymer 
nanocomposites [114]. Of great importance to the values of interfacial polarization is the 
conductivity and permittivity difference between the constituents, hence the use of highly 
conductive fillers into insulating polymer matrices (for example metallic fillers or graphene) 
[121–125] or reinforcing materials with very high dielectric constants (for example BaTiO3 
particles) [126–129]. In addition, the size of the particles plays a paramount role in the 
interface area between the particles and the polymer matrix giving scientific and 
technological rise to nanocomposites [130].  
     As mentioned earlier, the dielectric relaxation characterized by a single relaxation time 
was first discussed by Peter Debye in 1927 but its applicability was confined only in diluted 
polar gases and liquids, also presented in Figure 1.10 [131]. The complex dielectric 
permittivity coming from the Debye model can be appreciated in Equation (1.3) below: 
𝜀∗(𝜔) = 𝜀∞ +
𝜀𝑠 − 𝜀∞
1 + 𝑖𝜔𝜏𝐷
                                                                                                                   (1.3) 
where the 𝜀∞ = lim
𝜔→∞
𝜀∗(𝜔), 𝜀𝑠 = lim
𝜔→0
𝜀∗(𝜔) and 𝜏𝐷 is the Debye relaxation time. Since the 
Debye function model was proven inapplicable for solid dielectrics, in 1941 K. S. Cole and R. 
H. Cole introduced the parameters 𝛽 = 1 − 𝛼 (0 < 𝛼, 𝛽 < 1) to be indicative of the 
symmetrical distribution (broadening) of relaxation times [132]. The symmetrical broadness 
of the peak associated with the parameter β can be appreciated in Figure 1.11a. The Cole-
Cole function model is depicted in Equation (1.4): 
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𝜀∗(𝜔) = 𝜀∞ +
𝜀𝑠 − 𝜀∞
1 + (𝑖𝜔𝜏𝐶𝐶)𝛽
                                                                                                           (1.4) 
were the 𝜏𝐶𝐶 is the Cole-Cole relaxation time. The Cole-Cole function model described 
accurately some liquid and solid materials but there was still a gap in the description of many 
other dielectrics and so in 1950, D. W. Davidson and R. H. Cole introduced the new 
parameter 𝛾 (0 < 𝛾 < 1) to account for an asymmetrical distribution (broadening) of 
relaxation times which can be appreciated in Figure 1.11b respectively [133]. The Davidson-
Cole function model follows Equation (1.5) as seen below: 
𝜀∗(𝜔) = 𝜀∞ +
𝜀𝑠 − 𝜀∞
(1 + 𝑖𝜔𝜏𝐷𝐶)𝛾
                                                                                                           (1.5) 
were the 𝜏𝐷𝐶 is the Davidson-Cole relaxation time.  
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Figure 1.11. The dielectric permittivity loss as a function of frequency of a single relaxation 
process varying (a) the parameter β and (b) the parameter 𝛾. For 𝛽 = 𝛾 = 1 the Debye 
behaviour is observed. 
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     To generalize the Cole-Cole and Davidson-Cole function models, S. Havriliak and S. 
Negami in 1967 introduced their own function model combining the two parameters, as it can 
be seen in Equation (1.6) [134]: 
𝜀∗(𝜔) = 𝜀∞ +
𝜀𝑠 − 𝜀∞
(1 + (𝑖𝜔𝜏𝐻𝑁)𝛽)𝛾
                                                                                                    (1.6) 
were the 𝜏𝐻𝑁 is the Havriliak-Negami relaxation time. 
     At different thermodynamic conditions (temperature, pressure), the relaxation time of a 
dielectric process is affected significantly [54]. Generally, when the temperature increases, 
the relaxation time decreases due to the increasing mobility of the dipoles, which can align 
faster with the applied electric field [55]. However, this might not always be the case, 
especially during melting transitions or close to the thermal degradation of a material [135]. 
The temperature dependence of the relaxation time is a paramount property of each relaxation 
process and when the ln(τ) vs T-1 has a linear behaviour, then the activation energy of the 
relaxation can be calculated by means of the Arrhenius equation as seen below: 
𝜏 = 𝜏0𝑒
𝐸𝐴
𝑘𝐵𝑇                                                                                                                                           (1.7) 
where the τ0 is a pre-exponential factor, EA is the activation energy of the process, kB is the 
Boltzmann constant and T is the absolute temperature. When the ln(τ) vs T-1 is not linear then 
a common way to model this non-linear behaviour, is by employing the Vogel-Fulcher-
Tammann-Hesse (VFTH) equation. Most notably, the dynamic glass-to-rubber relaxation 
process in the case of amorphous and semi-crystalline polymers follows the VFTH equation 
which can be seen in Equation (1.8):  
𝜏 = 𝜏0𝑒
𝐷𝑇𝑉
𝑇−𝑇𝑉                                                                                                                                          (1.8) 
where TV is the ideal glass-to-rubber transition temperature and D is a dimensional parameter 
that can be related with the steepness (fragility) of the relaxation and how much it deviates 
from the Arrhenius behaviour [136,137]. A thermodynamically equal VFTH equation can be 
obtained by the variation of pressure at constant temperature as seen below [138–141]:   
𝜏 = 𝜏𝑠𝑒
𝐷𝑃
𝑃0−𝑃                                                                                                                                          (1.9) 
where τs is the dynamic glass-to-rubber (segmental) relaxation process relaxation time at 
atmospheric pressure at a given temperature and P0 corresponds to the pressure of the ideal 
glass-to-rubber transition. 
     The dielectric spectrum of PE is known to exhibit three main processes. Since 
polyethylene is a non-polar material, the study of its dielectric relaxations is challenging. 
However, carbonyl or chlorine dipoles are often attached to polyethylene chains to render 
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them dielectrically active, thus altering the chemical structure and the chain dynamics [142]. 
The α-process is related to molecular fluctuations in the crystalline part (namely αc-process). 
This nomenclature is contrary to the convention used for most polymers where the α 
relaxation is associated with chain dynamics in the amorphous region. The β-process is 
assigned to the dynamic glass-to-rubber relaxation process of the amorphous segments [143–
146], and the  γ-process is related with mobile parts of the amorphous chains in the vicinity of 
the crystalline lamellae. The argument that the dynamic glass-to-rubber transition process is 
the β-relaxation is based on experimental observation of TiO2/LDPE samples that exhibited a 
VFTH temperature dependence [143] and also higher dielectric relaxation strength of less 
crystalline samples [147].  Often two, or even three types of γ-processes are observed but 
their assignment to specific molecular processes is not fully clear yet [54,148–150].  
     The relaxation dynamics of dis-UHMWPE by means of dielectric spectroscopy have been 
analysed and presented in Chapter 3 section 1.2 in the presence of Al2O3 catalytic ashes as 
dielectric probes. The presence of the disentangled amorphous phase exhibits different 
mobility with the applied electric field affecting thus the interfacial properties of the system 
as observed for the first time in our analysis.  
 
1.3.2. Mechanical Relaxation 
     It is possible to monitor relaxation processes observable with Broadband Dielectric 
Relaxation Spectroscopy (BDRS) with other dynamic techniques, such as Dynamic 
Mechanical Analysis (DMA) and Nuclear Magnetic Resonance (NMR). These relaxation 
processes might have the same physical origin depending from the polymer’s structural, 
chemical and physical properties and can be observable at the same or similar temperature 
and frequency ranges so that the techniques can work in parallel and offer more information 
on the relaxation map of each sample [60,151].  
     The mechanical behaviour of a polymer can be described by two basic limiting 
behaviours; the elastic behaviour of a solid which can be associated with 𝐺∞ and the viscous 
behaviour of a liquid 𝐺𝑠. As it can be deducted by Equation (1.10), polymers are viscoelastic 
materials and DMA is often used to study the dynamic transition from the elastic behaviour to 
the viscous one [152]. To obtain a frequency-dependent mechanical response in DMA, an 
oscillating strain is applied to the sample and the magnitude and phase angle stress are 
monitored. Similar relaxation models as in BDRS are employed in the form of the complex 
mechanical modulus [G*(ω) = G'(ω) + iG"(ω)] or complex viscosity [𝜂∗(𝜔) =
𝐺∗(𝜔)
𝑖𝜔
] to 
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analyse the shape factors, relaxation times and characteristics of mechanical relaxations. The 
real part of mechanical modulus strictly describes the energy storage while the imaginary part 
of mechanical modulus describes the energy loss of the specimen, in accordance with the 
BDRS analysis of the real and imaginary parts of dielectric permittivity and electrical 
modulus [108,152]. The direct equivalent of the Debye function model for DMA is the 
Maxwell model describing a relaxation process of a single relaxation time [60]. In Equation 
(1.10) below the Havriliak-Negami function model can be seen in the form of mechanical 
modulus [134]:  
𝐺∗(𝜔) = 𝐺∞ −
𝐺∞ − 𝐺𝑠
(1 + (𝑖𝜔𝜏𝐻𝑁)𝛽)𝛾
                                                                                                (1.10) 
where the 𝐺∞ = lim
𝜔→∞
𝐺∗(𝜔), 𝐺𝑠 = lim
𝜔→0
𝐺∗(𝜔) and 𝜏𝐻𝑁 is the Havriliak-Negami relaxation 
time.  
     The same relaxation dynamics equations like the Arrhenius law and the VFTH equation as 
presented in Equations (1.7) and (1.8) respectively, are also employed in the case of dynamic 
mechanical analysis to monitor the time-temperature dependency of the relaxation times but 
also for the temperature-dependency of the values of the zero shear viscosity, in equivalence 
with the dc conductivity [153,154]. In addition, when BDRS and DMA are directly compared, 
it is important to use the equivalent formalisms for such comparisons, hence the complex 
dielectric permittivity with the complex mechanical compliance and the complex electric 
modulus with the complex mechanical modulus since there are further frequency loss peak 
position shifts due to the use of a different formalism [60].  
     Polyethylene is known to exhibit three main mechanical relaxations, although they can be 
of different origin comparing to BDRS, when the polyethylene used in the latter is rendered 
dielectrically active via oxidizing the chains [142]. The mechanisms behind the α-process is 
unanimously supported by DMA experiments to be attributed to fluctuations of the crystalline 
structure (αc-process) [155]. However, in contrast to dielectric experiments, for DMA it has 
been proven by Mansfield and Boyd that the temperature loss peak position at a common 
frequency of similar polyethylene samples exhibits a difference of 20 – 30oC (Tdielectric < 
Tmechanical) due to an additional contribution arising from amorphous fractions that transfer the 
mechanical strain to the crystal [144]. Often, mechanical experiments show that the αc-
process peak is also broader comparing to dielectric experiments, possibly because it is 
consisting of two dispersions (corresponding to this additional contribution of amorphous 
fractions as mentioned earlier) [156]. 
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     It should be noted that the glass-to-rubber transition temperature (and hence the relaxation 
which corresponds to the dynamic glass-to-rubber process) is still topic of dispute between 
researchers. Several people over the years have proposed that either the β-process [157,158] 
or the 𝛾-process [159,160] are the dynamic glass-to-rubber transition process. Some have 
even proposed that polyethylene has two Tg, corresponding to both the 𝛾- and the β-processes 
[161,162]. The notion that the β-process is the dynamic glass-to-rubber transition process has 
been supported by the fact that in semicrystalline polymers, the β-process appears to be 
broadened comparing with amorphous samples and considerably less prominent than the αc-
process [157]. On the other hand, the school that considers the 𝛾-process to be the dynamic 
glass-to-rubber transition process base their argument on the enhancement of the peak 
maximum with the crystallinity decrease, hence attribute the process to the amorphous 
segmental relaxation.  
     The time-temperature superposition principle (TTS) is a useful technique to analyse 
dynamic data (dielectric or mechanical) when the frequency and temperature range is limited 
[163]. It is useful when the values of the real part of the storage modulus at one temperature 
and frequency state are the same at a different temperature and frequency state [164]. The 
effect of TTS can be appreciated in Figure 1.12b where the effect of temperature in one 
mechanical relaxation process over a fixed frequency range is translated in one master-curve 
(open symbols) of a broader frequency range at the reference temperature.  
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Figure 1.12. (a) The real and imaginary parts of mechanical modulus as a function of angular 
frequency of a fictional relaxation in the temperature range of 280 to 400 K and in (b) the 
master curve (open symbols) according to the TTS principle is presented. The relaxation 
follows the Havriliak-Negami function model with parameters: 𝐺𝑠 = 10
4 𝑃𝑎,  𝐺∞ = 10
0 𝑃𝑎 
and β = 𝛾 = 0.50. The angular frequency loss peak positions ωmax were set to follow the 
Arrhenius equation (Equation (1.7)) where 𝜔𝑚𝑎𝑥 =
1
𝜏
, with an activation energy EA = 1 eV, 
as shown within the inset. The shift factor b in accordance with Equation (1.11) also followed 
the same Arrhenius equation. In this case, the Tref = 340 K.  
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     In order to have a successful TTS of the dynamic data, a reference temperature Tref is set 
and the resulting master curve will present the data of a temperature range as if a broader 
frequency was accessible but only at this Tref. To achieve this, a shift factor b is required to be 
employed which alters the frequency position of data at a temperature different than the 
reference temperature Tref to fit the one of the Tref. This shift factor b can be calculated with 
the Arrhenius equation as such: 
𝑏 =
𝜏|𝑇
𝜏|𝑇𝑟𝑒𝑓
=
𝜏0𝑒
𝐸𝐴
𝑘𝐵𝑇
𝜏0𝑒
𝐸𝐴
𝑘𝐵𝑇𝑟𝑒𝑓
= 𝑒
𝐸𝐴(𝑇𝑟𝑒𝑓−𝑇)
𝑘𝐵𝑇𝑟𝑒𝑓𝑇                                                                                         (1.11) 
     Other equations like the Vogel-Fulcher-Tammann-Hesse and the Williams-Landel-Ferry 
can be employed instead; the applicability of either is connected to the temperature 
dependency of the relaxation process [165]. The application of the TTS principle in systems 
with more than one relaxation processes is very challenging, especially when the strength of 
the relaxations (𝐺𝑠 − 𝐺∞) is temperature-dependent and they are characterized by different 
activation energies and shape factors or even different relaxation dynamics models [163]. 
     The relaxation dynamics of dis-UHMWPE by means of torsional rheology have been 
analysed and presented in Chapter 3 section 1.1 varying the processing conditions. The 
disentangled sample processed in the solid-state exhibited a completely different mechanical 
relaxation behaviour than the melt-processed one, jointly attributed to the disentangled 
amorphous phase and the pristine crystalline structure. A complete mechanical relaxation 
map was also constructed with indications that the 𝛾-relaxation is the dynamic glass to rubber 
transition of linear polyethylene.   
 
1.4. Orientation through Plastic Deformation 
     The investigation of the anisotropic properties and structural characteristics induced by 
mechanical deformation in polymers and polyethylene in particular has interested scientists 
and engineers as early as the 50s and the 60s [13,166,167]. This interest arose from the 
industrial need towards light-weight, high-modulus polymer fibres for polymer-polymer 
composite applications [168–170], and extended in the direction of polymer physics and 
crystallography [171–173]. The contribution of the crystalline and the amorphous parts of 
oriented polyethylene upon the structural and optical properties gave food for thought 
towards understanding the chain dynamics with stretching [166]. Advancements in this 
direction arose in the 70s and 80s from the cold-drawing of polyethylene, resulting into the 
existence of three basic stages following the increase of the draw ratio: (I) plastic 
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deformation of the spherulitic structure, (II) the transformation of the elongated spherulite to 
a fibril structure and (III) the plastic deformation of the fibre [174]. The fibres are highly 
aligned in the direction of the orientation and are physically connected with each other 
through chain bridges in interfibrillar or intrafibrillar ways [175].  
     From the beginning, the oriented amorphous phase was understood as an intermediate 
state between ordered and disordered segments of the polymer chains, affecting the 
birefringence and infrared dichroism properties of the oriented crystals [166]. This molecular 
feature gave rise to decades of research around the anisotropic optical properties of oriented 
polyethylene modified with optically interesting inclusions, introducing photoluminescence 
capabilities to oriented polyethylene systems [176–178]. In order to produce highly dichroic 
films, the addition of photoluminescent dichroic dyes in small quantities to polymers 
followed by orientation has proven to be efficient. However, in order to achieve the 
orientation of the dyes during tensile stretching, the dyes must have a high molecular aspect 
ratio, a transition dipole moment that coincides with the orientation ratio direction and a 
melting temperature relatively close to the stretching temperature [178]. The key parameters 
that affect the most the efficiency of these oriented polymer-dichroic dye composite systems 
as stated by Pucci et al. are [179]: 
i. The dispersibility of the dye in the host polymer matrix. 
ii. The presence of rigid rod-like absorbing core in the dye. 
iii. High molar absorption which is usually related to a high dipole moment.  
In addition, according to Weder et al. there are other important parameters for a researcher to 
take into account when planning the experimental procedure and materials design [177]: 
i. The molecular weight of the dye. 
ii. The structure of the side chains of both the polymer matrix and the organic dye.  
iii. The composition of the blend system. 
iv. The draw ratio of the blends. 
     When discussing about the molecular weight of the conjugated dyes, Weder et al. 
underlined the importance of it in comparison with the maximum orientability of larger 
molecules. In addition, the nature of the dyes’ side chains was found to negatively influence 
the orientability at high draw ratios. This is presumed to be the result of the interaction of 
linear side chains with the matrix, obstructing the alignment with the applied force. It was 
also proven by them that the dichroic ratio and the draw ratio of the systems have a linear 
relationship; the higher the draw ratio, the more enhanced are the expected anisotropic optical 
characteristics. The most prominent applications of such materials are as polarizers and/or 
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Light-Emitting Devices (LED) which could contribute in brighter and more efficient Liquid-
Crystal Displays (LCD) [177]. 
     Metallic nanoparticles were also employed as fillers, targeting to dichroic and plasmon 
resonance absorption phenomena, again for optical properties. For example, the optical 
absorption anisotropy induced by uniaxial stretching of UHMWPE samples in the presence of 
metallic (usually Au and Ag) nanoparticles has been of interest since the 1990s [180–183]. 
The application of uniaxial plastic deformation could generate structural anisotropy in the 
continuous matrix (polymer) and also an alignment in the modifying fillers (metallic 
nanoparticles), thus affecting the optical characteristics (dichroism) as a function of 
measuring angle compared to the stretching orientation [183]. This results in different 
wavelength maxima positions as a function of the measuring angle, varying the plastic 
deformation [181]. The tunability of the optical properties relies on the nature, shape, 
dimensions, concentration and polydispersity of the nanofillers [180]. Additionally, due to the 
hydrophobic character of UHMWPE, the evolution of such systems results in durable 
polarizers for humid environments increasing the applicability of these composites [176]. 
     Another interesting property that can be modified in UHMWPE through orientation is its 
thermal conductivity. In dielectric solids (non-conductive materials), the heat transfer is 
achieved mainly by wave-like elastic vibrations of the atomic lattices, the phonons [184]. In 
crystalline materials, the thermal conductivity underlying mechanisms are strongly affected 
by defects and boundaries that alter the elastic properties of the medium and hence are points 
of phonon scattering [185]. Polymers can be either amorphous or semi-crystalline with 
various degrees of crystallinity, giving thermal conductivity a strong temperature and order 
dependence [175]. In addition to the degree of crystallinity, the polydispersity and the size of 
the crystalline structures is also paramount due to the acoustic mismatch at the interfaces 
between the amorphous and the crystalline domains, thus enhancing the scattering 
phenomena [186]. The aforementioned polymer characteristics affect significantly the 
thermal conductivity of a sample by altering the phonon mean free path which is the average 
length that a phonon travels within the crystal between two scattering events. In a perfect 
crystal (with no dislocation defects), the phonon mean free paths are shortened only by 
crystal grain boundaries and other phonons.  
     With orientation, the crystallized chains are lined up along the direction of stretching, 
decreasing the thermal resistance [175]. Past studies have shown that the plastic deformation 
increases significantly the thermal conductivity of UHMWPE samples in the direction of 
orientation, resulting into metallic-like thermal conductivities [48,187]. A molecular weight 
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dependency was also found and attributed to the crystal size and number of chain ends that 
work as defects in the alignment of the crystals [187]. An important contribution to the 
thermal conductivity values exists from the chain bridges connecting different fibril 
structures and conducting heat between them by allowing the phonon propagation [175,188]. 
Studies towards the investigation of thermal conductivity with uniaxial or biaxial orientation, 
have been conducted by our group. 
     Uniaxially oriented samples of dis-UHMWPE in the presence of fillers of different nature 
(metallic, ceramic and organic) have been investigated and discussed in Chapter 4. An in-
depth structural analysis by various techniques has been performed in addition to the thermal 
and electrical properties of the samples.  
 
1.5. Electrical Energy Storage in Dielectric Materials 
     The demanding societal and economic needs for a diverse energy portfolio, as described 
above, have recently driven fast progress in electrical energy storage materials and devices 
[189–194]. These devices find applications in modern electronics and electrical applications 
such as stationary power systems for hybrid and electrical vehicles and high frequency 
inverters for solar panels [195–197]. Upon the application of an electric field, the atomic and 
molecular charges in the material move from their equilibrium positions inducing 
polarization [54,198]. In linear dielectric materials, where the polarization is proportional to 
the applied electric field, the energy stored per unit volume increases when permittivity 
increases [199,200]. Therefore, an ideal electrical energy storage material would exhibit high 
permittivity, high electric breakdown field (the maximum electric field that the material can 
withstand without failing) and low energy losses due to the reorientation of the dipoles 
[201,202]. Insulating materials used as dielectric mediums to store capacitive electrical 
energy find application in many modern electronic systems, ranging from electronic devices 
to hybrid electric cars [193]. For such applications, a specific combination of properties is 
required including [199,201–203]: (i) High values of dielectric permittivity, which is a 
measure of the ability of the material to store energy; (ii) low dielectric loss (tanδ) values, to 
maximize efficiency; (iii) low electrical conductivity, in order to reduce leakage currents; and 
(iv) high dielectric breakdown strength so higher electrical fields can be physically endured 
by the dielectric medium.  
     The use of polymers for electrical energy storage would offer advantages in terms of 
mechanical, lightweight, processing and insulating properties [196,204–206]. Although 
polymers exhibit high breakdown strength, polymers suffer from low values of dielectric 
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permittivity, decreasing their ability to store energy [207]. On the other hand, ceramic 
materials exhibit very high values of dielectric permittivity but low breakdown strengths 
[208]. Nanofillers of various shapes and electrical characteristics (dielectric permittivity and 
electric conductivity) have been introduced to enhance the dielectric properties of polymers 
[205,209,210]. The addition of high-permittivity, non-conductive ceramic nanofillers in 
polymers has been reported to enhance voltage endurance and their breakdown strength 
[211–214].  
     In heterogeneous dielectric nanomaterials, understanding the role of interface/interphase 
properties and the possibility to tailor them at will are scientific challenges with enormous 
technological applications [215,216]. The crystallinity and crystal morphology also affect the 
dielectric properties by enhancing interfacial polarization phenomena [217] and increase the 
dielectric breakdown strength due to higher resistance to electrical treeing (current 
propagation to failure) [218]. The observed increase in breakdown strength is correlated with 
crystal orientation, as the crystallites provide higher potential barriers for electrical treeing 
[219]. Towards this direction, biaxial orientation of semi-crystalline polymers, like 
polypropylene, have found use in thin dielectric membranes for film capacitors in electrical 
energy storage power system applications [220,221].  
     Apart from the orientation of the polymer chains and crystallites, orienting the fillers has 
also shown to affect the electrical breakdown strength, by optimizing the electric field 
distribution inside the nanocomposites and changing the breakdown tree inception and 
propagation across the dielectric medium. Hence, the orientation of fillers has been found to 
also enhance the dielectric behaviour of such polymer composites [203]. In nanocomposites 
where the electrical characteristics of the filler (permittivity and conductivity) are vastly 
different from that of the matrix, the dielectric properties are dominated by interfacial 
phenomena [114,128,222–224]. These interfacial phenomena are caused by physical and/or 
chemical interactions between polymer-nanoparticle or nanoparticle-nanoparticle interactions 
[127,225]. However, the smaller the dimensions of the nanoparticles, the higher is  their 
surface area, which leads to a much higher tendency to aggregate in order to decrease their 
surface energy [226]. For this reason, surface treatment and functionalization by chemical 
means is often employed to reduce the aggregation [191,227–229]. Different materials have 
been employed as nanofillers for polymer energy nanocomposites, such as ceramic particles 
with ferroelectric properties like BaTiO3 [196,230], 2D nanomaterials like boron nitride 
[231,232] and various carbon allotropes [233,234]. Some of the most common polymer for 
such applications are epoxy resins [235] and polyvinylidene fluoride [236]. Gold 
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nanostructures have been employed to increase electrical conductivity and hence increase the 
charge flow and energy recovery speed [237,238].  
     The energy density Ue of a dielectric material can be calculated as: 
𝑈𝑒 = ∫ 𝐸𝑑𝐷𝑒                                                                                                                                     (1.12) 
where E is the applied electric field and De is the electric displacement. For linear dielectrics, 
Equation (1.12) can be simplified to: 
𝑈𝑒 =
1
2
𝐷𝑒𝐸 =
1
2
𝜀′𝜀0𝐸
2                                                                                                                 (1.13) 
where ε0 is the dielectric permittivity of vacuum space (ε0 = 8.85*10-12 F/m) [195]. 
          The addition of electrically conducting fillers within an insulating polymer matrix can 
be harnessed to tailor the electrical and electromagnetic properties for electromagnetic 
interference shielding applications and conductive adhesives in microelectronics [239]. Due 
to the vastly different electrical conductivities between the constituents of such system, the 
direct current conductivity is strongly dependent on the conducting filler concentration, thus 
leading to two basic charge transport mechanisms:  
(i) At low filler concentrations, the mean distance between conducting fillers is sufficiently 
high and so the electrical properties of the composite are dominated by the insulating matrix. 
In such cases, the charge carriers (at most cases electrons, ions and holes) hop to a nearby 
state that can be quantum-mechanically described with higher or lower energetic jumps of the 
potential barrier, the latter through quantum tunnelling [124].  
(ii) At concentrations at or higher than the percolation threshold, the conducting fillers are in 
contact hence, the charge carriers can move with low resistance (current flow), exhibiting the 
behaviour of a conductor [240]. This can also be determined by the temperature dependence 
of electrical conductivity; in dielectric materials, conductivity increases with temperature 
(due to higher mobility of charge carriers) while in conductors, conductivity decreases with 
temperature (due to polaron scattering effects) [241]. 
     The movement of the conductive fillers’ charge carriers can cause a dipolar response from 
the insulating polymer matrix and the corresponding interphase as well, leading to a 
Maxwell-Wagner-Sillars interfacial polarization, increasing thus, the capacitive storage 
ability of the resulting composite [114]. To achieve better interfacial characteristics (between 
the matrix and the filler) towards dielectric (and thermomechanical) properties, the process of 
surface modification has been extensively applied in the past decade. This modification 
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affects the polarizability of the polyolefin matrix by introducing polar groups and also 
enhances the hydrophobicity, both resulting into better-performing insulation materials [242].  
     Polyethylene is traditionally employed as an insulating material for cable manufacturing, 
due to its extremely weak conductivity and high dielectric breakdown strength. The two are 
interconnected, as the dielectric breakdown strength is dependent on electrical conductivity; 
the use of high permittivity or high conductivity particles will enhance or decrease the 
dielectric breakdown strength, respectively. To effectively improve the material’s 
characteristics for insulation properties, the use of high permittivity, high thermal 
conductivity fillers is paramount also to enhance heat dissipation [243]. Moreover, the 
presence of agglomerates forming a percolating network can highly improve the thermal 
conductivity of the nanocomposite but decrease the dielectric breakdown strength. The 
tendency of polymers to build up heat, as a result of their generally low thermal 
conductivities (for amorphous polymers they range from 0.1 to 1.0 Wm-1K-1 [175,244–246]) 
is a limiting factor for their use in electrical applications. In polyethylene/montmorillonite 
composites, Li et al. observed that the inclusion of aligned fillers results in an enhancement 
of the dielectric breakdown response that adds up to that provided by the oriented polymer 
crystals [247]. The application of tensile stretching to fabricate highly oriented tapes results 
in improved values in terms of mechanical and thermal properties and reaching  metallic-like 
thermal conductivities in dis-UHMWPE [48,187,248]. The combination of high thermal 
conductivity, electrical insulation, and light weight would then make oriented dis-UHMWPE 
an ideal candidate for a matrix material in an electric energy storage composite.  
     Nanocomposites of uniaxially oriented dis-UHMWPE in the presence of gold 
nanoparticles were tested as dielectric materials to store and recover electrical energy varying 
the draw ratio, as presented in Chapter 4 section 1.3. It was observed that the recovery 
efficiency and electrical energy density generally increased with orientation, attributed to the 
separation of nanoparticle aggregated increasing thus the contribution from interfacial 
polarization.  
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2. Experimental 
 
2.1. Chemical Synthesis of dis-UHMWPE  
     Innovations and research towards the chemical synthesis of dis-UHMWPE is not a subject 
of the present doctoral thesis, although in-house prepared samples were employed for the 
experiments. As such, details of the polymerization experiments can be found in the literature 
[48,249,250]. A single-site homogeneous catalyst activated by methylaluminoxane (MAO) 
was employed with toluene as the solvent for the reactions [249]. Toluene was used due to its 
relatively high dielectric constant that leads to the formation of a solvent-separated 
catalyst/cocatalyst ion pair instead of a contact ion pair, thus ensuring higher catalytic 
activity. A wall-mounted, 10 L jacketed Pyrex reactor equipped with a double plane propeller 
blade mechanical stirrer, a temperature probe, a gas inlet/outlet, and a rubber septum for 
catalyst injection were all employed for the chemical reaction. The reactor was kept overnight 
at 125oC, and then the temperature was brought to room temperature while the vessel was 
purged with three cycles of vacuum/nitrogen. The required amount of toluene (5 L) was 
transferred under a nitrogen gas stream into the vessel, and the temperature was set to the 
desired value (10oC) by means of a thermostat. When the desired temperature was reached, 
the stream of gas was switched from nitrogen to ethylene. Ethylene uptake was controlled by 
means of a Buchi press flow gas controller bpc 6002. When the solution was saturated with 
ethylene at the desired partial pressure (1 bar ethylene), MAO (50 mL) was added, followed 
by a solution of the catalyst (50 mg) in toluene + MAO to start the polymerization. The 
reaction was carried on for the required time under vigorous stirring and constant feed of 
ethylene and then quenched either in methanol or acidified methanol (CH3OH/HCl 95/5 v/v). 
The polymer was filtered out, washed with additional methanol, and oven-dried under 
vacuum at 40oC for one night [48]. Quenching the polymerization reaction with methanol 
results in the presence of traces of catalytic ashes of aluminium oxide (Al2O3) derived from 
MAO (10% w/w solution in toluene, Albermarle) co-catalyst used. As the amount of MAO is 
kept constant for all polymerizations, the content of Al2O3 is lower for longer polymerization 
times, where more polymer is produced. When acidified methanol is employed instead, the 
formation of Al2O3 can be avoided completely. The aforementioned procedure is considered 
standard for the chemical synthesis of dis-UHMWPE followed by our research group, 
resulting into polymers with well reported characteristics regarding their disentangled 
character. 
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2.2 Specimen Processing 
     The samples listed in Table 2.1 and investigated in this thesis are divided in four main 
categories:  
(i) two plain UHMWPE samples which are indicated as PE_x_T, where x is either C 
(commercial) or D (disentangled), and the T represents the moulding temperature; 
(ii) four dis-UHMWPE samples which are indicated as PE_Mw_AlO of three different 
molecular weights, Mw (in 10
6 g/mol), and different Al2O3 (AlO) catalytic ashes 
concentrations;  
(iii) dis-UHMWPE/gold nanocomposites of constant filler concentration (1% w/w) 
and different draw ratios (DR) from 1 (unoriented) up to 5;  
(iv) dis-UHMWPE nanocomposites modified with either ZnO nanoparticles or β-
carotene molecules with a constant filler concentration (0.035% w/w) and 
different DR (2.5, 5.0, 7.5, 72.5 and 150).  
The samples that have no indication of AlO were treated with acidified methanol as 
explained previously and contain only traces of TiO2 catalytic ashes which are in the 
range of 0.0005% w/w to 0.005% w/w if treated with acidified methanol or not 
respectively [250]. Information on the processing conditions of each category of samples 
can be found below: 
(i) The specimens were obtained by compression moulding of the UHMWPE 
powders in a hydraulic hot press under an applied load of 5 tonnes for 5 minutes, 
10 tonnes for 10 minutes and 20 tonnes for 5 minutes. During cooling, between 1 
and 5 tonnes were applied to achieve permanent deformation. The disentangled 
sample (PE_D) was processed at 125°C (solid-state) and 160°C (melt-state) while 
the commercial sample was only melt-processed. The sintering at 125°C (below 
the UHMWPE melting temperature of ~135-140°C) allows to maintain the 
material’s crystalline structure and partial disentangled character. 
(ii) The synthesized dis-UHMWPE samples in powder form were taken from the 
reactor at different times, resulting in three molecular weights as presented in 
Table 2.1 alongside the theoretical amount of Al2O3 catalytic ashes. All the dis-
UHMWPE specimens were obtained by the same compression moulding 
procedure described previously at 125oC to maintain the disentangled character.  
(iii) To prepare dis-UHMWPE nanocomposites modified with dodecanethiol 
functionalized gold (Au) nanoparticles, dis-UHMWPE in powder form was 
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suspended in acetone (C3H6O) and toluene (C7H8) solutions of nanoparticles were 
added under magnetic stirring. The UHMWPE powder (as obtained from the in-
house reactor) was suspended in acetone and left in the fume hood under magnetic 
stirring for approximately an hour. The dodecanethiol functionalized Au 
nanoparticles (2 – 5 nm in diameter purchased by Sigma-Aldrich) in toluene (2% 
w/v) were used as received. Finally, the two solutions were mixed together under 
magnetic stirring for few hours and then the solvent evaporated under a fume 
hood overnight. Complete removal of residual solvent was achieved by heating 
the composites to 50°C in a vacuum oven for 6 hours. As investigated in similar 
systems, this temperature is below the activation temperature of the formation of 
entanglements (58oC), as discussed in more details in Chapter 3 section 2 [107]. 
The resulting powder was compression-moulded according to the procedure 
described above at 125oC. Unstretched samples were compression-moulded in the 
form of two cylindrical discs of 25 mm in diameter and 1.1 mm in thickness. 
Samples intended for stretching were compression-moulded as square films of 50 
mm x 60 mm with an initial thickness of 1.9 mm. The square samples were 
submitted to uniaxial deformation to reach drawing ratios (DR) from 1 to 5 via a 
twin-roll mill at 125oC at 0.2 rpm. For the DR over 5, tensile stretching was 
required, employing a Hounsfield tensometer at 125oC and 50 mm/min. 
(iv) The dis-UHMWPE nanocomposites modified with either ZnO nanoparticles (< 
100 nm in diameter) or β-carotene (Figure 2.1) were prepared following the 
suspension procedure presented above. Both fillers were obtained in powder form 
from Sigma-Aldrich and were suspended in acetone before use. For the DR over 
7.5, tensile stretching was required, following the same protocol mentioned 
previously for dis-UHMWPE/gold nanocomposites. 
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Table 2.1. Mw, Mn and polydispersity of the samples. When applicable, the theoretical Al2O3 
concentration was calculated based on the assumption that all the MAO added as co-catalyst 
does react during quenching to form Al2O3, so it is in fact the maximum amount that can be 
realistically found in the sample.  
Presented in 
Chapter(s) 
Sample Name Mw 
(*106 g/mol) 
Mn 
(*106 g/mol) 
MWD Al2O3 
(% w/w) 
3 sections 
1.1 and 1.3 
PE_C 4.0 0.5 8.0 - 
PE_D 6.0 1.9 3.2 - 
3 sections 
1.2, 1.3 and 2 
PE_5.6 5.6 1.7 3.3 - 
PE_5.6_AlO 5.6 1.7 3.3 1.7 
PE_4.2_AlO 4.2 1.6 2.6 2.6 
PE_2.4_AlO 2.4 1.0 2.4 4.8 
4 section 1 DR1 – DR5, DR72.5, 
DR150 (gold) 
5.6 1.7 3.3 - 
4 section 3 
DR2.5, DR5.0, DR7.5, 
DR72.5, DR150 (ZnO 
or β-carotene) 
5.6 1.7 3.3 - 
 
2.3 Characterization techniques 
     Several characterization techniques have been employed to investigate the physical 
properties of dis-UHMWPE and its nanocomposites. Here they are listed in alphabetical 
order, including their location and the experimental details.  
1. Broadband dielectric relaxation spectroscopy (Department of Materials Science, 
University of Patras). The electrical behaviour of the samples (Chapter 3 sections 1.2 
and 1.3) was investigated by means of BDRS employing an Alpha-N Frequency 
Response Analyzer, where the voltage amplitude of the applied field was kept 
constant at 1 V and frequency varied from 100 Hz to 0.429*106 Hz employing a two-
parallel gold-plated electrode capacitor. The distance between the electrodes was 
constant and equal to the thickness of the specimen (the employed dielectric set up 
ensured the application of a homogeneous electric field). The temperature was 
controlled employing a Novotherm system where the isothermal scans were 
performed in a temperature range of 50 to 160oC, in steps of 10oC. The dielectric test 
cell used was a two parallel gold-plated electrode capacitor BDS-1200, all supplied by 
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Novocontrol Technologies (Hundsagen, Germany). For the analysis related to the 
formation of entanglements of Al2O3 containing dis-UHMWPE samples (Chapter 3 
section 2), a different protocol was employed with 21 consecutive frequency sweep 
cycles with a total duration of approximately 1 hour, isothermally. To analyze the 
temperature dependence of the entanglement formation, more tests were performed at 
different temperatures using a new specimen for each temperature. The temperatures 
selected for these experiments were 80, 100, 120, 140 and 160oC. The specimens 
were analyzed again for 21 frequency sweep cycles in the same frequency range as 
described above. The gold containing dis-UHMWPE samples (Chapter 4 section 1.3) 
were tested at 30oC at a frequency range of 10-2 to 102 Hz with an applied voltage 
amplitude of 3 V. The higher voltage amplitude comparing to the Al2O3 containing 
samples was chosen to decrease the experimental error due to the highly insulating 
character of polyethylene (the gold nanoparticles cannot work as dielectric probes 
because they are not dielectric materials). The formation of entanglements was tested 
also for the gold containing dis-UHMWPE samples (Chapter 4 section 1.4) at 160oC 
and 100 Hz to 104 Hz in for 21 consecutive frequency sweep cycles (~ 1 hour). 
2. Differential scanning calorimetry (Department of Materials, Loughborough 
University). A TA Instruments Q-2000 DSC was employed to study the thermal 
behaviour of the samples. A protocol of three consecutive thermal cycles (heating – 
cooling – heating) from 50oC to 160oC at a rate of 10oC/minute was used. High 
precision TZero pans with lids were used and nitrogen was continuously purged at 50 
mL/min during the experiments. The melting temperature, Tm, and the melting 
enthalpy, ΔHm, of the first and second heating scans were measured. The 
corresponding results are presented in Chapter 3 section 1.1. 
3. Direct current analyser (Department of Materials Science, University of Patras). The 
experiments were carried out using a 4339B High-Resistance Meter, DC provided by 
Agilent Technologies (Santa Clara, California, USA) for the gold containing dis-
UHMWPE samples (Chapter 4 section 1.3). An automatic measurement process is 
included in the experimental apparatus to record the charging and discharging electric 
current. A two parallel-plate electrodes apparatus was used with the sample lying in 
between throughout the experiment. Three different voltages were applied: 100, 300 
and 500 V at a charging time of 60 seconds. It should be noted that before every 
experimental measurement, a discharge and short-circuit procedure was performed to 
avoid the accumulation of charges. To calculate the stored and recovered energy, the 
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capacitance was recorded from dielectric measurements at the lowest measured 
frequency (0.01 Hz), when the dielectric permittivity is closer to the dielectric 
constant of the material [251]. 
4. Raman spectroscopy (Department of Physics, Loughborough University). The Raman 
spectra of the gold-containing dis-UHMWPE samples (Chapter 4 section 1.1) were 
analysed in the wavenumber range of 1500 to 1000 cm-1 at room temperature 
employing a laser beam at 633 nm.  The Raman system used was a LabRAM HR 
provided by Horiba Jobin-Yvon (France).      
5. Rheology (Department of Materials, Loughborough University). The mechanical 
relaxation response of the plain UHMWPE samples (Chapter 3 section 1.1) was 
studied by means of torsional rheology. The experiments were performed on a TA 
Instruments ARES-G2, using rectangular bars of ~ 2 mm in thickness ~ 12 mm in 
width and ~ 45 mm in length as suggested by Dessi et al. for viscoelastic solids [252]. 
The frequency sweeps were performed between 10-2 Hz and 102 Hz in a temperature 
range of -130oC to 130oC with a 5oC step. The strain was kept constant at 0.001 % 
throughout the whole temperature range, as it was determined that it is well within the 
linear viscoelastic regime (LVR) in the strain range of 0.0001% to 0.01% at -130oC 
and 1.59 Hz (10 rad/s). Oscillatory time sweep experiments were conducted at 160oC 
by means of melt plate-plate rheology employing a TA Instruments ARES-G2 at 1 
and 10 Hz at 0.5% strain located in the linear viscoelastic region for almost 100 hours 
(~350,000 seconds). 
6. Small angle X-ray scattering (Department of Macromolecular Physics, Instituto de 
Estructura de la Materia). Small-angle X-ray scattering (SAXS) experiments of gold 
containing dis-UHMWPE samples (Chapter 4 section 1.1) were carried out on a 
Bruker AXS Nanostar small-angle X-ray scattering instrument. The instrument uses 
Cu Kα radiation (1.54 Å) produced in a sealed tube. The scattered X-rays are detected 
on a two-dimensional multiwire area detector (Hi-star, Bruker) and can be converted 
to one-dimensional scattering by radial averaging and represented as a function of 
momentum transfer vector q according to Equation (1.12) presented previously. The 
sample to detector distance was 106 cm. The scattered intensity was corrected with 
the transmission of the samples calculated considering the absorption of the sample. A 
glassy carbon standard was used for this purpose.  
7. Transient grating spectroscopy (Division of Engineering and Applied Science, 
California Institute of Technology). The thermal conductivities of the gold containing 
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dis-UHMWPE samples (Chapter 4 section 1.2) were measured using transient grating 
spectroscopy at 30oC, following the fundamental concepts that can be found in the 
literature [248,253,254]. Briefly, a pair of pump pulses (wavelength 515 nm, pulse 
duration ~ 1.0 ns, pulse energy ~ 13 μJ, repetition rate 200 Hz) was focused onto the 
sample to create a spatially periodic heating profile that yields transient thermal 
grating (grating period ~ 10.7 um). A pair of continuous wave laser beams 
(wavelength 532 nm, average power ~ 27 mW, chopped at 3.4% duty cycle to 
minimize steady heating) diffracts from the thermal grating, monitoring its relaxation.  
8. Visible/near infrared spectrophotometry (Centre for Renewable Energy Systems 
Technology, Loughborough University). The absorption of the gold containing dis-
UHMWPE samples (Chapter 4 section 1.1) was investigated in the visible wavelength 
range of 400 to 750 nm and at the near infra-red wavelength of 950 to 1800 nm at 
room temperature. The apparatus employed was a Cary 5000 UV-Vis-NIR 
spectrophotometer from Agilent Technologies (Santa Clara, California, United 
States). 
9. Wide angle X-ray scattering (Department of Macromolecular Physics, Instituto de 
Estructura de la Materia). Wide Angle X-ray scattering (WAXS) experiments of gold 
containing dis-UHMWPE samples (Chapter 4 section 1.1) were carried out in a 
diffractometer Policristal X´Pert Pro PANalytical working in a θ-2θ configuration 
using the Cu Kα wavelength. The WAXS measurements presented in Chapter 4 
section 2 were performed in a Pilatus 100K mounted at an angle of 36o to the beam 
direction at a distance of 162 mm using a Xenocs Xeuss 2.0 with a microfocus Cu Ka 
source collimated with scatter-less slits, performed at the University of Warwick X-
ray facility.  
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3. Dis-UHMWPE chain dynamics 
 
     In the current chapter, the chain dynamics of dis-UHMWPE by means of torsional 
rheology and broadband dielectric relaxation spectroscopy are investigated in a broad 
temperature and frequency range. The target of this chapter is to understand the uniqueness of 
dis-UHMWPE in respect of the disentangled amorphous phase and how this phase affects the 
relaxation and entanglement dynamics.  
 
3.1. Relaxation dynamics 
3.1.1. Torsional rheology 
     As discussed in more detail in Chapter 1 section 1.2, polyethylene’s glass-to-rubber 
transition temperature, Tg, (and hence which relaxation corresponds to the dynamic glass-to-
rubber process) has been an issue for decades and is still matter of debate. In this chapter, an 
investigation on the relaxation dynamics of UHMWPE is presented to clarify this issue 
employing torsional rheology in a broad temperature and frequency range. The higher chain 
mobility of disentangled amorphous compared to fully entangled amorphous was expected to 
alter the chain dynamics and thus the relaxation behaviour of the dis-UHMWPE. To identify 
these different relaxation properties, solid-state processed dis-UHMWPE is compared with 
melt processed dis-UHMWPE and commercial (fully entangled) UHMWPE. Three relaxation 
processes were observed in all the samples, namely αc-, β- and 𝛾-relaxations, as expected for 
linear polyethylene, and their physical properties are discussed below.  
     In Figure 3.1. the thermographs corresponding to the first heating cycle of all the 
specimens under study, including the untreated powders, are presented. The crystallinity, Xc, 
obtained from both heating cycles is also presented in Table 3.1 and was calculated according 
to Equation (3.1) considering the melting enthalpy of a fully crystalline polyethylene sample, 
ΔHmc, to be 293 J/g [95]: 
𝑋𝑐 =
𝛥𝐻𝑚
𝛥𝐻𝑚
𝑐                                                                                                                                             (3.1) 
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Figure 3.1. First heating thermographs of all the specimens under study including the 
untreated UHMWPE powders (disentangled and commercial). 
 
Table 3.1. First and second heating runs of all the samples under study.  
Sample Compression 
moulding temperature 
(oC) 
First heating run Second heating run 
Tm 
(oC) 
ΔHm 
(J/g) 
Xc 
(%) 
Tm 
(oC) 
ΔHm 
(J/g) 
Xc 
(%) 
PE_C_powder 
- 
142.3 186.7 63.7 134.5 137.9 47.1 
PE_D_powder 139.9 231.9 79.1 133.7 109.2 37.3 
PE_C_160 
160 
135.6 132.1 45.1 134.0 133.8 45.7 
PE_D_160 135.4 107.8 36.8 135.1 109.3 37.3 
PE_D_125 125 141.8 244.5 83.4 134.1 107.9 36.8 
 
     An endotherm peak can be observed between 135oC to 145oC for all samples, due to the 
melting of crystallites. As it can be noted from Table 3.1, the disentangled powder sample has 
a considerably higher crystallinity (79%) than the commercial one (64%) and it shows a more 
dramatic decrease during the second heating, most likely related to the higher molecular 
weight and lower polydispersity of the disentangled material. After melt-processing both 
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powders show a crystallinity decrease, again, more pronounced for the disentangled sample 
(37%, compared to 45% of the commercial), showing how the re-crystallisation from the melt 
(either in a DSC pan, or in a mould) is considerably hampered by the re-entanglement process 
[91]. However, for the solid-state processed disentangled material, a small increase in 
crystallinity is observed (from 79% to 83%), that could be attributed to additional solid-state 
crystallization induced by pressure at 125°C, close to the recrystallization temperature [255]. 
This is further confirmed by the fact that the solid-state processed sample exhibits a melting 
temperature slightly higher than the powder, indicating thicker crystals generated during the 
compression. The commercial sample, as described in previous papers, cannot be solid-state 
processed in coherent specimens [48]. 
      Generally, the temperature position of the melting peak is associated with the crystallite 
thickness through the Gibbs-Thomson equation; according to Wunderlich, for polyethylene 
this equation reads as Tm = 414.2*(1 – 0.627/L) with L being the crystal thickness in nm 
[256], and Tm the melting temperature in Kelvin. By substituting the value of ~140 °C, that is 
413.15 K, the value found for UHMWPE would be close to a 250 nm thickness, while SEM 
images of as-synthesised material only show thickness in the range of 20 nm. The reason for 
the aforementioned discrepancy is that one chain re-entries the same crystal many times, thus 
raising the required amount of energy for the melting transition, simulating a thicker crystal 
[91,257,258]. However, this situation ceases to exist after the first melting of the sample [89].  
     In the rheological analysis, the complex mechanical modulus G* and loss tangent tanδ 
formalisms are going to be employed according to Equations (3.2) and (3.3) as seen below: 
𝐺∗(𝜔, 𝑇) = 𝐺′(𝜔, 𝑇) + 𝑖𝐺′′(𝜔, 𝑇)                                                                                                  (3.2) 
𝑡𝑎𝑛𝛿(𝜔, 𝑇) =
𝐺′′(𝜔, 𝑇)
𝐺′(𝜔, 𝑇)
                                                                                                                   (3.3) 
where the G' and G" are the real and imaginary parts of the complex mechanical modulus 
respectively.  
     In Figure 3.2, the imaginary part of modulus, G″, as a function of temperature varying the 
frequency is shown. The melt-processed samples PE_C_160 and PE_D_160 are presented in 
3.2a and 3.2b respectively and exhibit a very similar behaviour. The strongest process in 
terms of relaxation strength appears to be the 𝛾-relaxation, with a relatively narrow relaxation 
time distribution. A completely different picture is observed for the solid-state processed 
disentangled sample PE_D_125, in Figure 3.2c. Here the highest relaxation strength is 
observed for the αc-relaxation due to the considerably enhanced crystallinity. 
 
Stavros X. Drakopoulos, PhD thesis, September 2019, Loughborough University 
 
60 
 
-150 -100 -50 0 50 100 150
0.0
1.0x10
8
2.0x10
8
3.0x10
8
4.0x10
8

c
-relaxation
-relaxation
G
'' 
(P
a
)
T (
o
C)
 10
2
 Hz
 10
1
 Hz
 10
0
 Hz
 10
-1
 Hz
 10
-2
 Hz
(a)
-relaxation
PE_C_160
 
-150 -100 -50 0 50 100 150
0.0
2.0x10
7
4.0x10
7
6.0x10
7
8.0x10
7
1.0x10
8
1.2x10
8

c
-relaxation-relaxation
G
'' 
(P
a
)
T (
o
C)
 10
2
 Hz
 10
1
 Hz
 10
0
 Hz
 10
-1
 Hz
 10
-2
 Hz
(b)
-relaxation
PE_D_160
 
Stavros X. Drakopoulos, PhD thesis, September 2019, Loughborough University 
 
61 
 
-150 -100 -50 0 50 100 150
0.0
2.0x10
7
4.0x10
7
6.0x10
7
8.0x10
7
1.0x10
8
1.2x10
8
1.4x10
8
1.6x10
8

c
-relaxation
-relaxation
G
'' 
(P
a
)
T (
o
C)
 10
2
 Hz
 10
1
 Hz
 10
0
 Hz
 10
-1
 Hz
 10
-2
 Hz
(c)
-relaxation
PE_D_125
 
Figure 3.2. The imaginary part of modulus (G'') as a function of temperature varying 
frequency for (a) PE_C_160, (b) PE_D_160 and (c) PE_D_125 samples. (The lines serve as 
guides for the eyes only.) 
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Figure 3.3. Temperature dependence of the real part of modulus (G') and the loss tangent 
(tanδ) for all the samples under study at 39.8 Hz. 
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     In Figure 3.3, the values of the real part of modulus and the corresponding loss tangent at 
39.8 Hz are presented as a function of temperature for all the samples under study. This 
frequency was chosen because it was found to be the optimum to clearly observe all the 
relaxation processes. For the melt processed samples (PE_C_160 and PE_D_160) we 
observed an intense 𝛾-relaxation peak at -110oC and a well-defined broad β-relaxation 
located at around 0oC. On the other hand, the solid-state processed disentangled sample 
PE_D_125 exhibits a broader 𝛾-relaxation (and hence a broader distribution of relaxation 
times) compared to the other samples, and a very weak β-relaxation, almost undetectable. In 
the high temperature end, the melting transition is partially shadowing the αc-relaxation, so its 
peak is not clearly observed in tanδ.  
     An alternative representation of the rheological data is given in Figure 3.4, plotting the 
imaginary part versus the real part of modulus, also known as Cole-Cole plot [132]. With this 
representation, the relaxation strength of each recorded process can be appreciated and 
evaluated. For this analysis the experimental data at 39.8 Hz as a function of temperature 
were selected (for the reasons explained previously), and fitted with the Havriliak-Negami 
frequency-dependent function model according to Equation (1.10), of which analytical form 
can be seen below in Equation (3.4) [134]:  
𝐺′(𝜔) = 𝐺∞ −
(𝐺∞ − 𝐺𝑠)𝑐𝑜𝑠 {𝑎𝑟𝑐𝑡𝑎𝑛 [
𝑠𝑖𝑛 (
𝛽𝜋
2 )
(𝜔𝜏)−𝛽 + 𝑐𝑜𝑠 (
𝛽𝜋
2 )
] 𝛾}
[1 + 2(𝜔𝜏)𝛽𝑐𝑜𝑠 (
𝛽𝜋
2 ) +
(𝜔𝜏)2𝛽]
𝛾
2
                                     (3.4𝑎) 
𝐺′′(𝜔) =
(𝐺∞ − 𝐺𝑠)𝑠𝑖𝑛 {𝑎𝑟𝑐𝑡𝑎𝑛 [
𝑠𝑖𝑛 (
𝛽𝜋
2 )
(𝜔𝜏)−𝛽 + 𝑐𝑜𝑠 (
𝛽𝜋
2 )
] 𝛾}
[1 + 2(𝜔𝜏)𝛽𝑐𝑜𝑠 (
𝛽𝜋
2 ) +
(𝜔𝜏)2𝛽]
𝛾
2
                                                (3.4𝑏) 
where 𝐺∞ = lim
𝜔→∞
𝐺∗(𝜔), 𝐺𝑠 = lim
𝜔→0
𝐺∗(𝜔), τ is the relaxation time, β is Cole-Cole shape 
parameter that contributes to the broadness of the peak and 𝛾 is the Davidson-Cole shape 
parameter that corresponds to the asymmetry of the peak [132,133]. It should be noted that 
the data were fitted only to obtain an approximate value of the relaxation strength, 𝐺∞ − 𝐺𝑠, 
of each relaxation process, since a frequency-dependent model is applied to temperature-
dependent experimental data [157]. Hence, considering the principle of time-temperature 
superposition, the 𝐺∞ corresponds to the low temperature edge and the 𝐺𝑠 to the high 
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temperature edge of the relaxation, while the relaxation times for all relaxations were set as   
τ = 0.004 s = (2*π*39.8)-1, not corresponding to the actual relaxation times of the observed 
processes. The fitting parameters are presented in Table 3.2.  
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Figure 3.4. Cole-Cole representation of the data at 39.8 Hz for the (a) PE_C_160, (b) 
PE_D_160 and (c) PE_D_125 samples. The lines follow Equation (3.4) and the 
corresponding parameters can be found in Table 3.2.  
 
Table 3.2. The 𝐺∞, 𝐺∞ − 𝐺𝑠, 𝐺𝑁, β and γ Havriliak-Negami parameters for the fittings at 39.8 
Hz.  
Sample Process 
𝐺∞ 
(GPa) 
𝐺∞ − 𝐺𝑠 
(GPa) 
GN  
(a.u.) 
β 𝛾 
PE_C_160 
αc-relaxation 1.000 0.990 0.202 0.135 0.300 
β-relaxation 1.750 1.150 0.235 0.080 1.000 
𝛾-relaxation 4.900 3.250 0.663 0.340 0.340 
PE_D_160 
αc-relaxation 0.170 0.160 0.120 0.080 1.000 
β-relaxation 0.400 0.270 0.203 0.125 0.600 
𝛾-relaxation 1.330 0.950 0.714 0.340 0.340 
PE_D_125 
αc-relaxation 0.870 0.855 0.417 0.275 1.000 
β-relaxation 1.200 0.500 0.244 0.100 0.500 
𝛾-relaxation 2.050 0.950 0.463 0.170 1.000 
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     As it can be observed for all samples, the αc-relaxations start from the (0,0) of the Cole-
Cole graph, indicating that there is no other relaxation at higher temperatures. For 
comparison reasons, all the relaxation strengths 𝐺∞ − 𝐺𝑠 are normalized with the 𝛾-
relaxation’s 𝐺∞ value (as the value in its glassy state corresponding to the G' value at T 
approaching 0 K) and shown as a normalized relaxation strength parameter GN, as seen below 
[259]:  
𝐺𝑁 =
𝐺∞ − 𝐺𝑠
𝐺∞|𝛾−𝑟𝑒𝑙.
                                                                                                                                   (3.5) 
     In Figure 3.5, the normalized relaxation strength parameter, GN, is presented as a function 
of crystallinity, obtained by the DSC first heating cycle. A strong linear dependence is 
observed, only for the αc- and γ-relaxations, with the β-relaxation being almost independent 
of crystallinity. As expected, the αc-relaxation GN increases with crystallinity, while the γ-
relaxation decreases. The values of the relaxation strength (and thus its normalized value 
here) are a measure of the number of molecules that participate in the corresponding 
relaxation [157]. In the literature, in the case of branched polyethylene, a similar trend was 
observed with increasing the branching density but for the β-relaxation [160]. 
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Figure 3.5. The normalized relaxation strength, GN, of the recorded relaxations as a function 
of crystallinity fraction, Xc, for the samples under study. The values presented are the average 
of the GN as calculated for each relaxation from the 10
-2 Hz, 10-1 Hz, 100 Hz, 101 Hz and 102 
Hz Cole-Cole plots and the errors correspond to the uncertainty calculations. (The lines serve 
as guide for the eye only.) 
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     The temperature dependence of each recorded relaxation was determined by fitting the 
loss modulus versus the temperature with Lorentzian curves, thus obtaining the temperature 
loss peak position varying with frequency [127]. The αc- and β-relaxations as observed for all 
the samples under study were found to follow an Arrhenius temperature trend alongside the 
γ-relaxation of the melt processed samples, as follows below: 
𝑓 = 𝑓0𝑒
−
𝐸𝐴
𝑘𝐵𝑇                                                                                                                                         (3.6) 
where f0 is a pre-exponential factor, EA is the activation energy, kB the Boltzmann constant 
and T the absolute temperature. An Arrhenius temperature dependency is expected for the αc-
relaxation of semi-crystalline polymers and secondary processes [260]. 
     The temperature dependence of γ-relaxation originating from the solid-state processed 
sample, however, exhibits a non-Arrhenius behaviour, typical of the dynamic glass-to-rubber 
transition process [261,262]. This deviation from the Arrhenius behaviour is attributed to a 
decrease in the unoccupied volume with temperature decreasing, as approaching the glass 
transition in isobaric conditions, where the relaxation dynamics slow down dramatically (the 
relaxation time increases faster than the Arrhenius dependence allows) [263,264]. The non-
Arrhenius behaviour can also be translated as the cooperative rearrangement of the 
amorphous segments to reach an energetic minimum approaching the glass transition 
temperature [265–268]. The cooperativity of the relaxation refers to the cooperative 
relaxation motion of the neighbouring molecules of any given molecule as they are 
approaching the glass transition temperature [55]. This process was found to follow the 
Vogel-Fulcher-Tammann-Hess (VFTH) equation which obeys the expression below: 
𝑓 = 𝑓0𝑒
−
𝐷𝑇𝑉
𝑇−𝑇𝑉                                                                                                                                        (3.7) 
where f0 is again a pre-exponential factor, D is a dimensionless parameter that can be related 
with the steepness (fragility) of the relaxation process and how much it deviates from the 
Arrhenius behaviour, TV the Vogel temperature which corresponds to an ideal glass-to-rubber 
transition and T is the absolute temperature [136,137]. The relaxation dynamics are presented 
for all the samples at Figure 3.6 and the calculated fitting parameters are listed in Table 3.3. 
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Figure 3.6. Arrhenius plot of the recorded relaxations for all the samples under study.  
 
Table 3.3. Arrhenius and VFTH fitting parameters of the corresponding relaxations. 
Sample Process 
Arrhenius VFTH 
EA (eV | kJ/mol) TV (
oC | K) D (a.u.) 
PE_C_160 
αc-relaxation 1.070 | 103.24 
- 
β-relaxation 0.780 | 75.26 
𝛾-relaxation 1.180 | 113.85 
PE_D_160 
αc-relaxation 0.839 | 80.95 
β-relaxation 0.719 | 69.37 
𝛾-relaxation 1.334 | 128.71 
PE_D_125 
αc-relaxation 1.156 | 111.54 
β-relaxation 0.653 | 63.00 
𝛾-relaxation - -135.10 | 138.05 0.740 
 
     The calculated activation energy of the αc-relaxation for each sample shows a crystallinity 
dependency, with the more crystalline sample (PE_D_125) exhibiting the highest activation 
energy. The β-relaxation activation energies were found to vary between 0.653 eV for sample 
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PE_D_125 to 0.780 eV for sample PE_C_160, showing a strong discrepancy from reported 
values of 2.280 eV for lower molecular weight polyethylene samples, indicating a different 
molecular mechanism [143]. The samples reported in the literature exhibit either VFTH 
trends [143], or Arrhenius trends with calculated values ranging between 2.073 eV to 3.309 
eV indicating a cooperative segmental motion [142,147,269], both assigned to the dynamic 
glass-to-rubber transition process. However, the polyethylene grades discussed in the 
literature are not linear, like in the case of UHMWPE, highlighting thus, that linear 
polyethylene’s dynamic glass-to-rubber transition process is not the β-relaxation. The 𝛾-
relaxation of the melt-processed samples PE_C_160 and PE_D_160 exhibited activation 
energies of 1.180 eV and 1.334 eV respectively. The relatively high values indicate a 
cooperative segmental motion similar to what is observed in the literature (~1.5 eV) for the 
dynamic glass-to-rubber transition process [142]. The γ-relaxation of polyethylene have been 
attributed to crankshaft motions involving up to 4 carbon atoms (Schatzki crankshaft motion 
[270]) and considered to take place in the glassy state (below the glass-to-rubber transition 
temperature) [271]. However, the corresponding activation energies generally observed, 
range between 0.477 eV to 0.650 eV [271], which are considerably lower than those we 
report here and therefore we would exclude the crankshaft motions as the molecular origin 
for this relaxation process, but attribute the relaxation to the dynamic glass-to-rubber 
transition process as mentioned previously. 
     The notable exception is the 𝛾-relaxation temperature dynamics of the disentangled 
sample (PE_D_125) that follows a non-Arrhenius behaviour. The data are fitted with a VFTH 
equation, indicative of the dynamic glass-to-rubber transition, reinforcing the notion that this 
should be the physical mechanism behind the γ-relaxation, as discussed earlier. 
     It is very interesting to note that only the γ-relaxation originating from the disentangled 
highly crystalline sample follows this trend. The significant relaxation variation between the 
melt and solid-state processed samples arises from the different size and concentration of the 
crystalline domains, supported also by DSC. The melting temperature of the first heating 
cycle observed for the solid-state processed sample is ~6oC higher comparing to the melt 
processed samples, indicating larger crystals as discussed elsewhere from our group [89,91]. 
Considering that the entanglements work as physical constrains hindering the movement due 
to the application of the mechanical strain, the lower entanglement density in the amorphous 
parts of the chains contribute into more mobile amorphous regions [48]. Hence, the 
combination of bigger crystals and less entangled amorphous fractions result into more 
mobile amorphous regions, exhibiting thus a non-Arrhenius temperature dependence for the 
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γ-relaxation. In general, the Vogel temperature, TV, is expected to be around 40 K below the 
calorimetric glass-to-rubber transition [108], placing the Tg of dis-UHMWPE from the 
present analysis to about 178 K (-95oC). 
     Since the dynamic glass-to-rubber transition process is attributed to the γ-relaxation and 
the αc-relaxation to the crystalline domains, it is possible that the β-relaxation originates from 
fluctuations of amorphous segments of larger length scales than the dynamic glass-to-rubber 
transition or amorphous segments close to the lamella as already suggested by others 
[272,273]. 
     To summarize the results presented in this section of Chapter 3, three different relaxation 
processes were observed, namely αc-, β- and γ-relaxations as expected for polyethylene. The 
relaxation strengths of the αc- and γ-relaxations were found to be dependent of the 
crystallinity content, verified by means of differential scanning calorimetry. The temperature 
loss peak positions of the recorded relaxation processes were analysed at different 
frequencies and all were found to follow the Arrhenius equation apart from the γ-relaxation 
of the solid-state processed disentangled sample, which followed a VFTH trend. This sample 
is characterized by bigger crystalline structures and less entangled amorphous fractions, 
resulting into more mobile amorphous segments. On the contrary, the amorphous segments of 
the melt-state processed samples are more confined within the crystalline domains and 
hindered by the entanglements, following thus an Arrhenius behaviour. Since the VFTH trend 
is indicative of the dynamic glass-to-rubber transition process, it is proposed that the 
crystalline polydispersity and entanglement density are affecting the free volume and thus the 
relaxation chain dynamics of the γ-relaxation.  
 
3.1.2. Broadband dielectric spectroscopy 
     Following the chain dynamics of solid-state processed dis-UHMWPE obtained by 
torsional rheology and presented previously in Chapter 3 section 1.1, dielectric spectroscopy 
is employed in the present chapter to identify the relaxation properties. Since polyethylene 
has a very small dipole moment, the Al2O3 catalytic ashes were used as dielectric probes to 
enhance the dielectric response and thus the obtained signal [30]. When the presence of 
dielectric probes is kept to a minimum concentration (1-10% w/w), it does not affect 
significantly the polymer chain dynamics but it significantly increases the relaxation strength 
and the tanδ values, according to an older study of polyethylene – TiO2 dielectric probes 
systems [143]. 
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     The dielectric response of all dis-UHMWPE samples is shown in Figure 3.7, where the 
real and imaginary parts of dielectric permittivity at 160oC are presented in Figure 3.7a and 
Figure 3.7b respectively. The complex dielectric permittivity ε* is defined as:  
𝜀∗ = 𝜀′ − 𝑖𝜀′′                                                                                                                                       (3.8) 
where, ε΄ and ε΄΄ are the real and imaginary parts of dielectric permittivity respectively. 
Figure 3.7a shows how the relaxation strength increases with increasing Al2O3 content. This 
can be better appreciated in Figure 3.7b, where the imaginary part of the dielectric 
permittivity is presented. The PE_5.6 sample (no Al2O3 content) exhibits a close to zero 
dielectric loss behaviour in the middle and high frequency range were all the relaxation 
processes are located, thus confirming that the presence of dielectric probes is paramount to 
obtain a dielectric response from UHMWPE, as discussed elsewhere for the case of PE 
[30,143,274]. However, this sample exhibits relatively higher values of losses combined with 
an increase in the real part of dielectric permittivity in the low frequency edge which could be 
ascribed to interfacial polarization between the crystalline and the amorphous phases of 
polyethylene and also some contribution from the dc conduction. This effect seems to be less 
intense in the rest of the samples in the window of observation, since the whole process has 
moved to lower frequencies due to the increased heterogeneity from the presence of Al2O3 
catalytic ashes. As the concentration of catalytic ashes increases, the dielectric loss values 
increase as well. It is interesting to note that the loss peak maximum tends to shift to lower 
frequencies with the increase of molecular weight, as bigger chains require more time to react 
to the applied electric field. To follow the formation of entanglements, we have decided to 
focus on sample with an Al2O3 concentration of 2.6% w/w (sample PE_4.2_AlO). This 
sample balances a strong enough relaxation strength to perform dielectric studies with a 
concentration of catalytic ashes that is not expected to affect strongly the entanglement 
topology in the melt.  
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Figure 3.7. (a) The real and (b) imaginary parts of dielectric permittivity as a function of 
frequency at 160oC for the studied samples.  
 
     In Figure 3.8, we report the comparison between the imaginary part of dielectric 
permittivity (Figure 3.8a) and electric modulus (Figure 3.8b) as a function of frequency and 
temperature for the PE_4.2_AlO specimen. The complex electric modulus M* is defined 
according to Equation (3.9): 
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𝑀∗ =
1
𝜀∗
=
1
𝜀′ −  𝑖𝜀′′
=
𝜀′
𝜀′2 + 𝜀′′2
+ 𝑖
𝜀′′
𝜀′2 + 𝜀′′2
= 𝛭′ +  𝑖𝛭′′                                                 (3.9) 
where Mʹ, and Μʺ are the real and the imaginary parts of the electric modulus respectively, in 
analogy to the complex modulus defined for other types of dynamic measurements, like 
torsional rheology discussed earlier. The processes that can be found using the complex 
permittivity formalism are present at very similar frequencies and temperatures range in the 
electric modulus formalism. For a single process, the relationship between the peak 
frequencies in both formalisms can be written as:  
𝑓𝑀,𝑚𝑎𝑥 =
𝜀𝑠
𝜀∞
𝑓𝜀,𝑚𝑎𝑥                                                                                                                          (3.10) 
where 𝑓𝑀,𝑚𝑎𝑥 and 𝑓𝜀,𝑚𝑎𝑥 are the relaxation peak frequencies in the modulus and permittivity 
formalisms respectively while lim
𝑓→0
𝜀∗ = 𝜀𝑠 and lim
𝑓→∞
𝜀∗ = 𝜀∞. When the ratio of 𝜀𝑠/𝜀∞ is 
relatively close to 1, the loss peak positions of dielectric permittivity and electric modulus are 
very similar. For this reason, using the dielectric permittivity or electric modulus formalisms 
for the analysis in our systems is equivalent.  
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Figure 3.8. The imaginary parts of (a) dielectric permittivity and (b) electric modulus both as 
a function of frequency and temperature for the PE_4.2_AlO sample. 
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     To better discern sub-relaxation processes, the electric modulus formalism will be adopted 
from now on in this analysis. To analyse the different processes present in the PE_4.2_AlO 
sample a deconvolution technique that employs frequency-dependent model functions, 
namely the Havriliak-Negami model function, in its electric modulus formalism as developed 
by Tsangaris et al. [114], was used. Equations (3.11) provide the expressions for the real and 
imaginary part of electric modulus:  
𝑀′ =
𝑀∞𝑀𝑠[𝑀𝑠𝐴
𝛾 + (𝑀∞ − 𝑀𝑠)𝑐𝑜𝑠𝛾𝜑]𝐴
𝛾
𝑀𝑠2𝐴2𝛾 + 2𝐴𝛾(𝑀∞ − 𝑀𝑠)𝑀𝑠𝑐𝑜𝑠𝛾𝜑 + (𝑀∞ − 𝑀𝑠)2
                                                  (3.11𝑎) 
𝑀′′ =
𝑀∞𝑀𝑠[(𝑀∞ − 𝑀𝑠)𝑠𝑖𝑛𝛾𝜑]𝐴
𝛾
𝑀𝑠2𝐴2𝛾 + 2𝐴𝛾(𝑀∞ − 𝑀𝑠)𝑀𝑠𝑐𝑜𝑠𝛾𝜑 + (𝑀∞ − 𝑀𝑠)2
                                                 (3.11𝑏) 
where: 
𝐴 = [1 + 2(𝜔𝜏)𝑠𝑖𝑛 (
𝜋(1 −  )
2
) + (𝜔𝜏)2]
1/2
                                                                    (3.11𝑐) 
𝜑 = 𝑎𝑟𝑐𝑡𝑎𝑛 [
(𝜔𝜏)𝑐𝑜𝑠 (
𝜋(1 − )
2 )
1 + (𝜔𝜏)𝑠𝑖𝑛 (
𝜋(1 − )
2 )
]                                                                               (3.11𝑑) 
For  = γ = 1 the above relations reduce to the Debye function model for a single relaxation 
time, while for  < 1, γ = 1 and  = 1, γ < 1 the symmetrical Cole-Cole and asymmetrical 
Davidson-Cole model functions apply respectively. 𝑀∞ and 𝑀𝑠 are the reciprocal values of 
𝜀∞ and 𝜀𝑠 respectively. To fit the experimental data in the entire temperature range, a total of 
six processes were required.  
     In Figure 3.9 the imaginary part of electric modulus as a function of frequency for 
PE_4.2_AlO is presented, in a range of temperatures that goes from 50 – 100oC (Fig 3.9a) 
and 110 – 160oC (Fig 3.9b). The points represent the experimental data while the lines are the 
Havriliak-Negami fits, reproducing with good agreement the experimental data.  
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Figure 3.9. The imaginary part of electric modulus as a function of frequency for 
PE_4.2_AlO at Top to bottom: (a) 50 – 100oC and (b) 110 – 160oC with a step of 10oC. The 
points represent the experimental data while the interpolating lines are obtained from the 
computational model. The lines are: — β1-relaxatiom, — β2-relaxation, — αc-relaxation, — 
MWS-IP1, — MWS-IP2 and — conductivity relaxation.  
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     The conductivity relaxation is found in the lower end of the frequency window appears 
from 90oC and is enhanced especially above 130oC. This process is attributed to the 
contribution of dc conductivity ascribed to the movement of charges from impurities and 
Al2O3 catalytic ashes within the material. This is presented in a clearer way in Figure 3.10 
where the slope of the line in the low frequencies in a log-log graph of loss permittivity and 
angular frequency is given to be -1. In the electric modulus formalism, this relaxation process 
is better described employing a Debye function model, as discussed in Chapter 1 section 1.   
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Figure 3.10. The log-log representation of the imaginary part of dielectric permittivity as a 
function of angular frequency at 160oC for sample PE_4.2_AlO. The fitting line has a slope 
equal to -1 and from the intercept the dc conduction can be approximately calculated as 
~3.3*10-12 S/m, following the relation: 𝑙𝑜𝑔𝜀𝑑𝑐
′′ = 𝑙𝑜𝑔 (
𝜎𝑑𝑐
𝜀0
) − 𝑙𝑜𝑔𝜔.  
 
     The MWS-IP, observed in higher frequencies than the conductivity relaxation, is 
attributed to polarization at the interface between the polymer chains and the ceramic 
catalytic ashes. Interfacial polarization arises due to the electrical heterogeneity between a 
material’s constituents. It is possible a contributing interfacial polarization between the 
crystalline and amorphous regions to exist, however its contribution could not be significant 
comparing to the Al2O3 – polymer contribution, because of the small difference in dielectric 
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permittivity and conductivity of the amorphous and crystalline parts of UHMWPE. A 
pronounced interfacial polarization effect should result in high values of the real and 
imaginary part of permittivity, leading to low values of electric modulus because of Equation 
(3.9). The MWS-IP is found to have two sub-processes, MWS-IP1- and MWS-IP2 referring to 
two distinct processes characterized with different entanglement densities. The two regions 
are expected to react differently to the electric field, as chains in the entangled amorphous 
will have longer relaxation times compared to the disentangled regions, where the chains can 
move more easily. 
     The αc-relaxation involves the polarization of the crystalline phase because of the 
application of the electric field. The intensity of the process was observed to diminish with 
the increase of temperature, due to the progressive disappearance of the crystals, although it 
does not vanish completely, even at 160°C. 
     Finally, the β-relaxation is attributed to the molecular fluctuations of amorphous chain 
segments. In the case of dis-UHMWPE, we have observed two distinct processes that might 
be attributed to two distinct amorphous regions present in this material, described with 
different entanglement densities, in parallel with the interfacial polarization dynamics that we 
discussed previously. Both sub-relaxations are strongly asymmetrical (the asymmetrical γ 
parameter in β1-process varied from 0.190 to 0.260, while in the case of the β2-process was 
found to be 0.658 in the considered temperature range), with β2 showing slightly higher 
relaxation times than β1.  
     In Figure 3.11 are reported the loss peak positions versus the reciprocal temperature for 
the processes described above, except for the conductivity relaxation. All five processes’ 
frequency loss peak positions follow the Arrhenius equation expressed by Equation (3.6) as 
seen previously. Calculated values of the activation energy are given in Figure 3.11. These 
results are going to be discussed in comparison with torsional rheology relaxation data in 
Chapter 3 section 1.3.  
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Figure 3.11. Arrhenius plot for the maximum loss positions as a function of the reciprocal 
temperature for all observed relaxation processes in PE_4.2_AlO. The activation energy for 
each process is given as well.  
 
     When simulating M as a function of frequency, it was observed that the relaxation times 
for the αc-relaxation appear to remain constant between 140 and 160oC, instead of decreasing, 
which is expressed via shifting the frequency loss peak position to higher frequencies, as 
would be expected from the increased kinetic energy. According to the literature, this 
behaviour is due to gradual melting of crystals of different dimensions [274]. 
Interestingly, in the case of the MWS-IP1, the relaxation times appear to remain constant 
when entering the melt state similarly to what happens to the αc-relaxation: we ascribe this 
effect to the progressive formation of entanglements in both the initial disentangled 
amorphous and disentangled molten crystals. In the case of the MWS-IP2 instead, the 
frequency maximum increases with temperature even during the melting, as no further 
entanglement formation is expected to happen in these regions. Both processes are described 
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by the symmetrical Cole-Cole function model, in analogy with the αc-relaxation described 
above. 
     The activation energy of the αc-relaxation is in very good agreement with the literature 
values, as we estimated to be EA = 1.126 eV (R
2 = 0.99634) against a reported value of 1.036 
eV [147]. According to previous studies, the β-process temperature dependency also follows 
the Arrhenius equation (although a non-linear relation modelled by the Vogel-Fulcher-
Tammann-Hesse equation may be found for low molecular weight samples and amorphous 
polymers) with an estimated activation energy of EA = 2.280 eV [143,147]. In our case, it was 
found that the temperature dependency of the two processes were EA = 0.444 eV (R
2 = 
0.90763) for the β1-process and EA = 0.838 eV (R2 = 0.98660) for the β2-process. It is 
expected from the disentangled amorphous phase to exhibit a lower activation energy and be 
characterized by a lower relaxation time due to the increased mobility of the less entangled 
segments, thus attributed to the β1-process. The two interfacial polarization sub-processes 
exhibited activation energies of 1.104 eV (R2 = 0.98589) and 0.722 eV (R2 = 0.93035) for the 
MWS-IP1 and MWS-IP2 respectively.  
     In this section of Chapter 3, the dielectric relaxations of dis-UHMWPE in the presence of 
Al2O3 catalytic ashes are presented. Two relaxation processes were observed attributed to 
polyethylene itself, an c process and β-process consisting of two sub-relaxations. Due to the 
presence of Al2O3 catalytic ashes within the polyethylene matrix, also interfacial polarization 
was observed which also consisted of two sub-processes, attributed to different dynamics due 
to the disentangled and entangled amorphous phases.  
 
3.1.3. Comparison 
     Comparing the rheological data to the dielectric via the relaxation map presented in Figure 
3.12 below, it is evident that the dielectric β- and αc-relaxations corresponds to the one 
observed with torsional rheology respectively. Especially regarding the αc-relaxation, the 
mechanical dispersion is usually broader compared to the dielectric dispersion which is 
attributed to the participation of amorphous segments that transfer the mechanical strain to 
the crystalline domains [156]. The contribution of this amorphous segments to the 
mechanical αc-relaxation is also responsible for the difference of 20 to 30oC (Tdielectric < 
Tmechanical) in the temperature loss peak position at the same frequency of similar polyethylene 
samples, compared by the two techniques [144]. In the dielectric case, the application of the 
electric field is responsible for the electric displacement, thus the dielectric response related 
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to the αc-relaxation comes solely from the polymer crystals via a rotational-translation of 
chain segments [147]. This temperature difference is observable in Figure 3.12 for the 
dielectric (solid blue symbols) and the rheological (open blue symbols) data of similar dis-
UHMWPE polymers, according to the Table 2.1. 
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Figure 3.12. Arrhenius plot comparing the dielectric data (solid symbols) as obtained from 
the PE_4.2_AlO sample and the rheological (mechanical) data (open symbols) of the 
PE_D_125 sample.  
 
3.2. Entanglement dynamics  
3.2.1. Connection between electric modulus & mechanical shear modulus 
     In the present chapter, a connection via the modulus formalism is drawn between the well-
established analysis with melt plate-plate rheology to monitor the formation of 
entanglements, and dielectric spectroscopy. As soon as this connection is achieved, more 
information can be deducted from the dielectric spectra regarding the formation of 
entanglements, with the most prominent to be the experimental verification of the formation 
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of entanglements in the disentangled amorphous area at temperatures below the melting 
(solid state). 
     In Figure 3.13, the real part of electric modulus as a function of time at 160oC for 
PE_4.2_AlO at 10 and 100 Hz is presented. For comparison, the real part of mechanical shear 
modulus G΄ for the same sample at the same temperature at 1 and 10 Hz is presented in the 
inset of Figure 3.13. An increase in elastic shear modulus G΄ is observed as time proceeds 
due to the progressive increase of entanglements, according to Equation (1.2) [105]. This 
increase is in agreement with other studies in the literature [49–51]. As it can be appreciated, 
the same behaviour is observed in the electrical modulus as well, due to the formation of 
entanglements, although the timescales involved appear to be faster. The formed 
entanglements restrict the motion of polar parts hindering their ability to be aligned with the 
field. Consequently, polarization and permittivity diminish approaching a constant value. 
Electric modulus, being the inverse quantity of permittivity, increases with time reaching a 
plateau. The different timescale reflects the disparity of the excited substances in the two 
techniques, i.e. masses and dipoles respectively as previously discussed by Pakula [60]. 
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Figure 3.13. The real part of electric modulus as a function of time at 100 and 10 Hz. Inset 
the real part of mechanical shear modulus as a function of time at 1 and 10 Hz. All for the 
PE_4.2_AlO sample at 160oC.  
Stavros X. Drakopoulos, PhD thesis, September 2019, Loughborough University 
 
83 
 
     To gain a better insight on the mechanism of entanglement formation, isothermal runs at 
various temperatures of dis-UHMWPE were measured as a function of time. In Figure 3.14 
the imaginary part of electric modulus as a function of frequency varying the number of 
frequency sweep cycles at 160oC for the PE_4.2_AlO sample analysed before is presented. 
The points represent the experimental data, while the continuous lines are obtained from the 
superposition of the processes described before. The experiment clearly shows that with the 
evolution of time (number of frequency sweep cycles) at constant temperature, the spectra 
move to lower frequencies, as expected from a system that is becoming more entangled (and 
less mobile) [275]. From the simulations, it was found out that the process that is most 
heavily influenced by the evolution of time, in terms of frequency loss peak position, is the 
MWS-IP1, as expected from the entanglement formation. This shift agrees with the fact that 
entanglements hinder the relaxation of the polymer chains. It should be taken into account 
that at 160oC the two β-processes will also be affected by the melting transition but having 
moved to higher frequencies outside the window of observation, they cannot be observed. 
Therefore, the change that we observe in time as a result of the formation of entanglements is 
related to the MWS-IP1 alone, as supported by relaxation simulations.  
     This study proves that it is possible to follow the dynamics of chain relaxation through 
either dielectric or mechanical techniques, as already suggested in previous literature 
[146,149], with the advantage of extending the range of accessible frequencies and 
temperatures. In addition, the inherent rapidity of dipole movements when compared to 
masses allows a faster timescale to be accessed and to explore the initial stages of the 
entanglement formation. 
     To study the dynamics of entanglement formation a new model based on two equations is 
hereby proposed. The natural logarithmic loss peak position 𝑙𝑛𝑓𝑀,𝑚𝑎𝑥 of the MWS-IP1 versus 
time, is presented as an inset in Figure 3.14 and it is linear. Therefore, we propose a new 
model called linear model of isothermal entanglement formation. From this equation, the 
amount of energy that is spent at constant temperature to trigger the transition can be 
calculated according to:   
𝑓𝑚𝑎𝑥 = 𝑓0𝑒
−(
𝐸𝐷𝑛
𝑘𝐵𝑇𝑀
)
                                                                                                                        (3.12𝑎) 
where fo is an exponential factor indicating the frequency loss peak position for zero-time, TM 
is the temperature during the isothermal measurement, ED is the entanglement formation 
energy, n is the number of frequency sweeps and kB is the Boltzmann constant. Equation 
(3.12a) should not be confused with the Arrhenius equation (Equation (3.6)), as ED is the 
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energy spent by the polymer to entangle at the temperature TM and not an activation energy. 
In this equation, the number of frequency sweep cycles, n, has no units although it is an 
indirect measure of time. When the frequency sweep time duration is kept constant then 
Equation (3.12b) holds: 
𝐸𝐷𝑛 ≡ 𝑃𝐷𝑡0𝑛 ≡ 𝑃𝐷𝑡                                                                                                                 (3.12𝑏) 
where PD is the entanglement formation power and t0 is the duration of one frequency sweep 
cycle; t is the absolute time. The higher the value of PD, the higher the number of 
entanglements forming at a constant temperature with the evolution of time.  
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Figure 3.14. The imaginary part of electric modulus as a function of frequency varying time 
at 160oC for PE_4.2_AlO. The arrow shows the shift towards lower frequencies caused by 
the progressive entanglement formation. The points represent the experimental data while the 
lines represent the superposition of the computational models. Inset shows the loss peak 
position of the MWS-IP1 with the progression of time where the values of the entanglement 
formation power and energy are indicated. 
 
     In Figure 3.15a the evolution of the frequency loss peak position of the computed MWS-
IP1 as a function of time at 80, 100, 120, 140 and 160
oC is presented and the values of the 
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entanglement formation energy (ED) are calculated. A newly prepared specimen from the 
same sample was employed for each temperature, to ensure the same starting point was 
present in all measurements (minimum number of entanglements). By increasing the 
measurement temperature (TM) we observed that the entanglement formation energy (ED) is 
linearly increasing since there is more available energy for entanglements to form. Only in 
the case of 140oC the value is deviating from the linear increase, but this should be expected 
since the crystalline parts are melting and most of the energy is spent for this transition.  
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Figure 3.15. (a) The maximum loss positions as a function of time for the MWS-IP1 in 
PE_4.2_AlO at different temperatures where the entanglement formation energy (ED) is 
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indicated for each temperature (R2 > 0.98 in all cases); (b) the values of the entanglement 
formation energy (ED) as a function of temperature, as calculated by Equation (3.12). The 
point at 140°C deviates from the linear behaviour, due to the melting of crystals, and it has 
not been included in the fitting line. 
     In Figure 3.15b the values of the entanglement formation energy (ED) are plotted as a 
function of the measurement temperature. The entanglement formation energy (ED) exhibits a 
linear behaviour with temperature (the value at 140oC was excluded from the fitting for the 
reasons explained above). The linear relationship between the entanglement formation energy 
(ED) and temperature can be described by: 
𝐸𝐷(𝑇𝑀) = 𝑆𝑇𝑀 − 𝐸𝐴                                                                                                                      (3.12𝑐) 
where S is the slope in Fig. 7b. The minus symbol in front of the activation energy describes 
the energetic barrier. The intercept of the line is the energy barrier of the entanglement 
formation, calculated to be EA = 13.480 meV. The limit temperature at which ED ≥ 0 where 
the formation of entanglements is energetically favourable,  was found to be TA(ED = 0) =  331 
K (58oC) which according to previous studies from our group is close to the temperature 
where the thermal conductivity of a uni-axially stretched UHMWPE sample starts to decrease 
[276].  In addition, the slope (S) of the line was calculated to be 4.069*10-2 meV/K.  
     The temperature dependency of the entanglements formation as presented from our model 
would also explain the challenges that melt processing of dis-UHMWPE presents, which 
usually occurs at temperatures as high as 260oC (533 K) [63]. According to Equation (3.12b), 
at 260oC the entanglement formation energy equals ED ~ 9.5 meV which is over twice the 
amount at 160oC (Figure 3.15b). In addition, the mechanical stirring coming from extrusion 
techniques would feed the melt with extra energy resulting to even faster entanglement 
formation. Thus, contrary to rheological experiments, in real-life processing conditions, the 
formation of entanglements occurs significantly faster. This is why a short residence time (30 
minutes) in the melt processing of dis-UHMWPE is suggested even at those  temperatures 
where re-entanglement according to rheology should take place in the range of hours [277].   
 
3.2.2. The molecular weight effect 
     Figure 3.16 presents the imaginary part of dielectric permittivity as a function of 
frequency at 160oC, varying time for the three molecular weights explored in Chapter 3 
section 1.2. As the concentration of catalytic ashes increases, the observable loss permittivity 
values increase as well. In addition, the metastable character due to the formation of 
entanglements is evident with the evolution of time in all the samples. As we have previously 
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observed, the formation of entanglements affects mostly the frequency loss peak position of 
the MWS-IP1 which shifts to lower frequencies. This is exhibited by all samples, irrespective 
of their molecular weights. As shown by the data presented, for higher molecular weight we 
can observe that the formation of entanglements is slightly slower compared to lower 
molecular weight, thus supporting previous studies done through rheology [49,249]. 
However, the observable difference is not significant with dielectric spectroscopy.  
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Figure 3.16. The imaginary part of dielectric permittivity as a function of frequency varying 
time at 160oC for samples with different molecular weight: (a) PE_5.6_AlO, (b) PE_4.2_AlO 
and (c) PE_2.4_AlO.  
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3.3. Conclusions 
     The goal of this chapter was to understand how the disentangled amorphous phase is 
affecting the relaxation and entanglement dynamics.  
     The disentangled specimens were subject to two different processing temperatures, solid-
state (125oC) and melt-state (160oC) while the latter was also compared with a commercial 
melt-state processed sample to be measured with torsional rheology. Three different 
relaxation processes were observed, namely αc-, β- and γ-relaxations as expected for 
polyethylene. The relaxation strengths of the αc- and γ-relaxations were found to be 
dependent of the crystallinity content, verified by means of differential scanning calorimetry. 
The temperature loss peak positions of the recorded relaxation processes were analysed at 
different frequencies and all were found to follow the Arrhenius equation apart from the γ-
relaxation of the solid-state processed disentangled sample which followed a VFTH trend. 
This sample is characterized by bigger crystalline structures and less entangled amorphous 
fractions, resulting into more mobile amorphous segments. On the contrary, the amorphous 
segments of the melt-state processed samples are more confined within the crystalline 
domains and hindered by the entanglements, following thus an Arrhenius behaviour. Since 
the VFTH trend is indicative of the dynamic glass-to-rubber transition process, based on the 
presented experiments here, it can be concluded that the crystalline polydispersity and 
entanglement density are affecting the free volume and thus the relaxation chain dynamics of 
UHMWPE. As a consequence of the γ-relaxation’s VFTH temperature dependence, it is 
reasonable to consider it as the dynamic glass-to-rubber relaxation process of linear 
polyethylene and estimate its glass transition temperature from the Vogel temperature to be -
95oC.  
     On the other hand, the application of broadband dielectric relaxation spectroscopy to dis-
UHMWPE has allowed us to further expand our understanding of both its solid and 
metastable melt states. We have identified three main relaxation processes, two of which are 
composed of two sub-relaxations. One is attributed to interfacial polarization due to the 
presence of the Al2O3 particles and the polymer chains with two sub-relaxations attributed to 
different dynamics due to the disentangled and entangled amorphous phase. The second is the 
crystalline part (c process), and the third is the amorphous β-process which also exhibited 
two sub-processes, again due to the differences in the entanglement density. By following the 
evolution of the disentangled interfacial polarization process as a function of both time and 
temperature, we have been able to formulate a model to estimate the activation energy related 
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to the entanglement formation process in UHMWPE (EA = 13.480 meV), as well as the 
minimum temperature at which this process will start appearing (58°C). The entanglement 
formation energy (ED) which is the remaining thermal energy after the subtraction of the 
activation energy, is introduced in this chapter as a measure of the entanglements amount 
forming in a given temperature. The work presented here is providing with further 
understanding on the effect that entanglements have on the processability of dis-UHMWPE.  
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4. Uniaxial plastic deformation in the presence of fillers 
 
     In this chapter, the physical properties of oriented dis-UHMWPE composites in the 
presence of fillers are studied. Three types of fillers are investigated, (i) metallic, (ii) ceramic 
and (iii) organic, with the metallic being the most interesting and therefore most thoroughly 
analysed. A dual target is upon this chapter, to explore both the effect that uniaxial 
orientation brings and also the reinforcing effects that the fillers provide.  
 
4.1. Metallic filler: Au nanoparticles at low draw ratios 
     In this chapter, uniaxially stretched dis-UHMWPE/gold nanocomposites at low drawing 
ratios are studied. A thorough structural study on the crystallinity and orientation induced by 
stretching is performed by means of wide and small angle x-ray scattering (WAXS/SAXS), 
Raman spectroscopy and visible and near infrared spectrophotometry.  The effect of 
stretching upon the thermal management of the composites through the measurement of their 
thermal conductivities at varying angles with respect of the chain orientation is also 
presented. Finally, the potential of such composite materials to be used as dielectric material 
in electrical energy storage devices, placing an emphasis on how to optimize the energy 
recovery from the charged system, is investigated via BDS and DC measurements. The 
research presented here aims to provide a pathway towards thinner, lighter, more efficient 
and thermally stable capacitors for energy storage applications, by employing oriented dis-
UHMWPE/gold nanocomposites. Additionally, the formation of entanglements followed by 
broadband dielectric spectroscopy in uniaxially oriented nanocomposites of dis-
UHMWPE/gold is also provided within this chapter and their effect upon the dc conduction 
are discussed.  
 
4.1.1. Structural information & optical absorption 
       In order to appreciate the effect that stretching has on the crystalline structure of 
UHMWPE, wide-angle X-ray scattering (WAXS) experiments were performed. In Figure 4.1 
the contributions arising from the amorphous halos and the crystalline peaks are given for the 
DR1 (unoriented) dis-UHMWPE/gold nanocomposite. The deconvolution of the amorphous 
and crystalline curves is useful to approximate the crystallinity, which is calculated by 
dividing the area below the crystalline peaks, fitted by Lorentzian curves, by the total area of 
crystalline and amorphous halos.  
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Figure 4.1. The WAXS profile of DR1 (unoriented) dis-UHMWPE/gold nanocomposite 
indicating the amorphous halos and the crystalline peaks. 
 
     Figure 4.2 shows the scattered intensity of the composites as a function of the angle 
between the incident beam and the detector (2θ), with the peaks indexed according to the 
reported orthorhombic crystal structure of PE with the (110) and (200) characteristic 
reflections, as also presented in Chapter 1 section 5 [278]. As shown in Figure 4.2b, uniaxial 
stretching results in a moderate increase in crystallinity because of the enhanced chain 
orientation, however limited due to the low drawing ratios used. Another prominent feature 
of the WAXS profile (Figure 4.2a) is that as samples are stretched further, there is an 
inversion in the ratio between the (110) and (200) reflections (Figure 4.2a). This inversion 
can be better visualized in Figure 4.2b, where the ratio switches from below to above 1 
between DR2 and DR3.  The prevalence of the (200) reflection at higher drawing ratios, 
associated with planes perpendicular to the stretching direction, is a clear indication of an 
increase in chain orientation.  
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Figure 4.2. (a) WAXS profiles of gold/UHMWPE nanocomposite films where the intensity is 
normalized with the (200) reflection. (b) Crystallinity as calculated by WAXS (left axis) and 
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intensity ratio of the (200) and (110) reflections (right axis) versus draw ratio. The dotted line 
is a guide for the eye to show when the peak inversion of the reflections takes place. 
     Small-angle X-ray scattering (SAXS) experiments were carried out to elucidate the 
crystalline structure of the composite and the gold nanoparticle distribution. Figure 4.3 shows 
the corresponding 1D profiles, normalized by the thickness of the specimens. For comparison 
purposes, an unstretched (DR1) sample without Au nanoparticles has been included in the 
analysis. In the log-log representation shown in Figure 4.3c, in the absence of Au 
nanoparticles, two bumps are visible. The first bump is at q = 0.29 nm-1 (L = 2π/q = 22 nm) 
and the second bump is at around q = 0.80 nm-1, both corresponding to the long spacing of 
polyethylene crystalline lamellae and the second order maximum of the same long spacing 
respectively.  
To calculate the average nanoparticle size, the Guinier law was used: 
𝐼(𝑞)~𝑒−
𝑞2𝑅𝑔
2
3                                                                                                                                        (4.1𝑎) 
𝑑 = 2√
5
3
𝑅𝑔                                                                                                                                       (4.1𝑏) 
where the Rg and d are the radius of gyration and the diameter of the nanoparticle 
respectively. From this analysis it can be deducted that the average nanoparticle diameter is 
around 6.8±0.1 nm as presented in the inset of the Figure 4.3a. 
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Figure 4.3. SAXS profile of gold/UHMWPE nanocomposite films normalized by the 
thickness for all samples under study including the DR1 in the absence of Au nanoparticles. 
In (a) the Guinier plot fitted with the Guinier law according to Equation (4.1) as an inset, (b) 
Lorentz-correction and (c) the log-log representations of the data.   
 
     In Figure 4.3b, the Lorentz-corrected scattering curves normalized with the thickness of 
all samples under study are presented. In the absence of Au nanoparticles, two peaks are 
visible. The first peak at q = 0.29 nm-1, 22 nm in real space, corresponds to the long spacing 
of polyethylene crystalline lamellae [279]. The second peak which is in the form of a 
shoulder, is at around q = 0.80 nm-1 is attributed to a second order maximum of the same long 
spacing [280,281]. The peak at q = 0.80 nm-1 is still visible when gold nanoparticles are 
added, while the peak at q = 0.29 nm-1 is vanished completely. A strong slope of I(q) at low q 
is widely attributed to the presence of aggregates with dimensions on a length scale larger 
than that probed by SAXS. The low q range of the nanocomposites is fitted with Equation 
(4.2) as shown below: 
𝑞2𝐼(𝑞) = 𝑞−𝑥                                                                                                                                       (4.2) 
where x is the power of q after the Lorentz-correction.  
     The slope of I(q) can be fitted as q-3.09±0.07 indicating that the aggregates are compact and 
scatter in a similar way as surface fractals [282,283]. 
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     The Raman spectra of the composites is presented in Figure 4.4a. The main features, 
observed in the 1500 to 1000 cm-1 region, correspond with those reported in the literature for 
polyethylene [284–286], i.e. skeletal C-C stretching vibrations (1130 and 1063 cm-1) [285] 
and the twisting vibration of CH2 (1297 cm
-1). For highly crystalline samples, a contribution 
from the amorphous component at 1303 cm-1 is not observed [94]. The CH2 bending 
vibrational mode is split into two components at 1440 and 1417 cm-1 which is indicative of an 
orthorhombic crystal structure, also in accordance to the WAXS analysis presented 
previously in Figures 4.1 and 4.2 [287]. In the 1400 to 1500 cm-1 range, the intensities of the 
peaks vary as a function of uniaxial stretching plastic deformation. For the case of the two 
amorphous peaks, 1463 and 1440 cm-1, the intensity decreases, while for the 1417 cm-1 
crystalline peak, the intensity increases as a function of stretching.  
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Figure 4.4. Raman spectra as a function of wavenumber at room temperature varying the 
draw ratio for dis-UHMWPE/gold nanocomposite films at (a) 1500 to 1000 cm-1 and (b) 1500 
to 1400 cm-1 including the Lorentzian fitting (only for DR1 and DR5 to avoid confusion). 
The green arrows indicate the variation in intensity of each peak with orientation. 
 
     The trend of the peaks is an indirect way to show that the crystallinity increases upon 
stretching, in agreement with the WAXS experiments. The normalized intensity values of 
each peak with respect to the 1063 cm-1 peak are given in Table 4.1. The intensity, I, of the 
peaks varying the Raman shift, RS, in Figure 4.4 are fitted with Lorentzian functions and their 
superposition follows the experimental data, as presented according to Equation (4.3): 
𝐼(𝑅𝑆) = 𝑦0 +
2𝐴
𝜋
𝑤
4(𝑅𝑆 − 𝑝)2 + 𝑤2
                                                                                              (4.3) 
where w is the full-width at half maximum (FWHM), p is the peak position, A the area below 
the curve and y0 a fitting parameter. The parameters are given in Table 4.2.  
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Table 4.1. Relative Raman intensities as a function of uniaxial plastic deformation with 
respect to the 1063 cm-1 peak. 
Sample Raman shift (cm-1) 
1063 1130 1169 1297 1369 1417 1440 1463 
Relative Raman Intensities 
DR1 1.000 1.467 0.453 1.736 0.272 0.689 0.806 0.501 
DR2 1.000 1.307 0.545 1.793 0.289 0.706 0.826 0.543 
DR3 1.000 2.108 0.263 1.895 0.224 1.099 0.451 0.299 
DR4 1.000 1.956 0.414 1.671 0.357 1.075 0.503 0.405 
DR5 1.000 1.984 0.405 1.789 0.327 1.088 0.474 0.376 
 
Table 4.2. Fitting parameters from the Raman spectra according to Equation (4.3). 
Sample Raman shift (cm-1) 
y0 
1417 1440 1463 
A w A w A w 
DR1 -132.53 42483.48 5.29 84714.87 8.99 95229.18 19.87 
DR2 -152.26 34513.18 4.56 71917.15 8.30 115385.66 25.13 
DR3 -60.30 83984.68 4.91 53260.80 12.17 62278.60 22.90 
DR4 -254.58 88580.43 5.11 72335.46 18.63 53014.22 21.86 
DR5 -170.14 96236.37 5.04 65456.58 15.76 50289.38 19.94 
 
     To further elucidate the structure of the composites, visible and near infrared (Vis/NIR) 
spectra were acquired and presented in Figure 4.5. In the visible part of the spectrum, the 
peak at 539 nm is associated with the transverse plasmon resonance of the Au nanoparticles 
[288]. For the DR1 (unstretched) and DR2 samples, the peak is broad, indicating gold 
nanoparticles of different sizes or aggregates. At the highest drawing ratios investigated (DR4 
and DR5) the peak is more intense and narrower, an indication that the clusters are breaking 
apart due to the progressive orientation of the chains.   
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Figure 4.5. (a) Vis/NIR absorbance and (b) linear absorption coefficient both as a function of 
wavelength at room temperature varying the draw ratio for ds-UHMWPE/gold 
nanocomposite films. 
 
     In the near infrared region the main contribution to the absorbance is expected to come 
from the polymer matrix, as no absorption is expected from the gold nanoparticles [288,289]. 
The peak at 1731 nm, associated with the antisymmetric stretching mode of CH2 group in 
crystals, becomes more intense as stretching proceeds. This is a clear signature of orientation, 
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as this mode has its electric dipole-transition moment perpendicular to the polymer backbone 
[290,291]. The peaks at 1215, 1432 and 1764 nm are slightly affected by orientation as well; 
the latter is also related with the crystalline phase, while the peak at 1215 nm has been 
reported to increase with the increase in density [292]. In our experiments, density is 
expected to increase with the increase of order (either higher crystalline percentage or 
induced order in the amorphous regions) and it can be associated with this slight increase that 
we observed over stretching deformation. A very small shoulder at 1710 nm is indicating a 
peak which is present only in the unstretched sample. This peak is associated with the 
amorphous component and its disappearance only strengthens the notion that the crystallinity 
and oriented amorphous components increase with stretching [290,291].  
     Since the thickness of the samples decreases with orientation, the linear absorption 
coefficient, μ, is also presented in Figure 4.5b, according to the Equation (4.4) below [293]:  
𝜇 = −
𝑙𝑛(𝑇)
𝑙
                                                                                                                                        (4.4) 
where T is the fractional intensity of light transmission and l the thickness of the sample. It is 
evident that with tensile stretching, the absorption coefficient values increase in addition to a 
change in the peak morphology. 
 
4.1.2. Thermal conductivity 
     One of the key issues of electrical storage devices is thermal management. Enhanced 
thermal conductivity is desired in these systems, to avoid overheating and minimize safety 
concerns [294]. To assess the influence of stretching on thermal management, and to study 
how the oriented chains improve the thermal transport along the chain direction (θ = 0°) 
compared to that along the perpendicular direction (θ = 90°), we studied the in-plane thermal 
conductivity as a function of the rotation angle. DR4 and DR5 were the only samples that 
could be measured with Transient Grating Spectroscopy, as the lower draw ratio specimens 
would scatter too strongly. A pair of pump pulses was focused onto the sample to create a 
spatially periodic heating profile that yields transient thermal grating that was later optically 
monitored by lasers. Figure 4.6 shows their angle-dependent thermal conductivity, which 
peaks at θ = 0°: 4.2 ± 0.4 Wm-1K-1 for DR4, and 4.6 ± 0.4 Wm-1K-1 for DR5. These are 
significantly higher thermal conductivities than those reported in the literature for unstretched 
UHMWPE, namely ~0.3 Wm-1K-1 [187]. The fitted anisotropy ratio of the thermal transport 
along the chain direction to perpendicular direction for the DR4 and DR5 samples is 4, and 7, 
respectively. We note the peak of the thermal conductivity increases with the draw ratio 
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while its minimum decreases, indicating an increase in thermal anisotropy with draw ratio 
and therefore an improved thermal management.  
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Figure 4.6. Measured thermal conductivity for partially drawn gold/UHMWPE 
nanocomposite films (DR4 and DR5) versus the angle with respect to the stretching direction 
at 30oC. The presented data were provided from our collaborators in CalTech.   
 
4.1.3. Electrical energy storage & recovery 
     The analysis was limited to frequencies up to 102 Hz because at higher frequencies, the 
values of tanδ = ε՛՛/ε՛ are very close to the limits of detection of the frequency analyser, 
resulting in increased measurement error as discussed also in the Chapter 2 section 3. To test 
the application of uniaxially oriented dis-UHMWPE/gold nanocomposites as dielectric 
capacitors, first the dielectric behaviour of the samples was measured as a function of the 
external electric field frequency at 30oC, as presented in Figure 4.7. The dielectric formalism 
employed in this work is the complex dielectric permittivity which follows the Equation (3.8) 
presented previously. As it can be appreciated in Figure 4.7a, the real part of the dielectric 
permittivity exhibits a behaviour that does not depend strongly on frequency, with no 
significant increase approaching the lower frequency edge. This corresponds to the low-loss 
character of plain polyethylene, which is a desirable property in efficient energy storage 
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materials. Additionally, it is evident that the dielectric permittivity decreases for increasing 
drawing ratios, a phenomenon that can be correlated to the higher orientation and the increase 
in crystallinity proven by WAXS, Raman, and NIR spectroscopy measurements shown 
previously in Chapter 4 section 1.1. With the orientation of the crystalline and amorphous 
regions, the ability of the corresponding polymer phases to be polarized is hindered, hence 
the permittivity decreases.  
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Figure 4.7. (a) The real part of dielectric permittivity and (b) capacitance of gold/UHMWPE 
nanocomposite films as a function of frequency at 30oC varying the stretching draw ratio.  
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The capacitance, C, and energy, E, of the capacitor relate to the dielectric material and the 
capacitor’s geometry and can be calculated as follows: 
𝐶 = 𝜀 𝜀0
𝐴
𝑑
                                                                                                                                            (4.5) 
𝐸 = ∫ 𝑉𝑑𝑞 =
1
2
𝑄2
𝐶
𝑄
0
                                                                                                                          (4.6) 
where ε is the dielectric permittivity of the material, ε0 the dielectric constant of free space, A 
and d are the electrodes’ surface and distance and Q is the accumulated charge. Figure 4.7b 
shows how the reduction in thickness as a result of stretching (lowering the d value in 
Equation (4.5)) has a greater impact on the capacitance of the system than the decrease in 
permittivity (Figure 4.7a), resulting in higher capacitance values for the oriented samples. 
Since the thickness of the DR1 and DR2 samples is very close, the capacitance is only 
affected by their permittivity difference resulting in a slightly decreased value, as presented in 
Figure 4.7b.  
     The next step was evaluating the performance of the composites during a charge-discharge 
cycle. In Figure 4.8 the charge and discharge currents under a dc electrical field are presented 
for all the samples as a function of time at 100 V, 300 V, and 500 V. First, the intensity drops 
as the capacitor is charging until it reaches a constant value. After stopping the application of 
the external field, the discharging process begins with an initially sharp discharge that 
plateaus close to zero intensity after most of the energy has been recovered. With increasing 
voltage, both the charge and discharge currents values increase.  
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Figure 4.8. The charge-discharge dc currents gold/UHMWPE nanocomposite films as a 
function of time for different drawing ratios at: (a) 100V, (b) 300V and (c) 500V.  
 
     Stored (Es) and recovered (Er) energies were calculated by integrating the charge (Ic) and 
discharge (Id) currents respectively: 
𝐸𝑠 =
1
2
[∫ 𝐼𝑐(𝑡)𝑑𝑡]
2
𝐶
    𝑎𝑛𝑑    𝐸𝑟 =
1
2
[∫ 𝐼𝑑(𝑡)𝑑𝑡]
2
𝐶
                                                                       (4.7) 
Figure 4.9 presents the recovered energy density as a function of time for different drawing 
ratios during the discharge period. As the applied voltage increases (field intensity), the 
energy density values enhance significantly for the samples under study as the number of 
charge carriers injected by the electrodes also increases, facilitating the transportation of the 
charges within the material by lowering the local potential barrier. This has a more 
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pronounced effect in the higher plastic deformations (DR4 and DR5). At 500V, the energy 
density generally increases with stretching and all the oriented samples exhibit energy density 
values which are at least double when compared to the unstretched one. It should be noted 
that the calculated energies are a slight overestimation since the dielectric permittivity at the 
lowest measured frequency is slightly lower than the expected dielectric constant. However, 
the relaxation strength of polyethylene is very low in the absence of dielectric probes as 
discussed earlier, and so no significant changes are expected in the static permittivity values 
at this temperature.  
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Figure 4.9. Recovered energy density values of gold/UHMWPE nanocomposite films as a 
function of time varying the draw ratio for: (a) 100V, (b) 300V and (c) 500V. The inset 
represents the coefficient of energy recovery efficiency after 30 seconds of discharge.  
 
     To quantify the electrical energy efficiency of the specimens under different voltages, the 
coefficient of recovery efficiency was calculated according to the literature [193,251,295] as:  
𝑛𝑒𝑓𝑓 =
𝐸𝑟
𝐸𝑠
𝑥100%                                                                                                                        (4.8) 
The coefficient of recovery efficiency of the oriented samples, presented in Figure 4.10 and 
as an inset at 30 s in Figure 4.9 and in Table 4.3, is dramatically enhanced when compared to 
the unstretched composites. The fact that orientation obstructs the ability of the chains to be 
polarized is translated into less degrees of freedom in the movement of the dipoles. 
Considering this, when the electric field is switched off to monitor the discharge effect, the 
dipoles’ new equilibrium state is similar to the one prior to the experiment. Since there are 
less degrees of freedom in the dipoles' movement, reduced influence of the internal electric 
fields from re-orientation of dipoles would be present which could potentially decrease the 
recovered energy. From the plasmon resonance of the gold nanoparticles at the visible 
wavelength spectrum (Figure 4.5) we observed that as stretching plastic deformation 
increases, the peak gets more intense due to the breaking of the clusters/aggregates. This 
effect should increase the contribution of interfacial phenomena between the polymer chains 
and the nanoparticles and possibly enhance the accumulation of charges at the interface of an 
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insulator/conductor system due to Maxwell-Wagner-Sillars interfacial polarization 
phenomena [222,296].  
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Figure 4.10. Coefficient of recovery efficiency as a function of time for the samples under 
study at: (a) 100 V, (b) 300 V and (c) 500 V. 
 
Table 4.3. Coefficient of recovery efficiency at 30 seconds varying the voltage for the 
samples under study. 
Sample neff (%) 
100V 300V 500V 
DR 1 3.15 1.74 1.03 
DR 2 15.53 17.12 16.22 
DR 3 28.93 21.28 19.25 
DR 4 10.11 10.27 15.31 
DR 5 11.81 19.48 16.10 
 
     According to Figure 4.10a, the 100 V coefficient of recovery efficiency at 10 seconds of 
the best performing sample DR3 is 41.76% which is comparable to BaTiO3/epoxy 
nanocomposites of similar filler concentration and same measurement conditions (43.80%) 
according to Manika and Psarras (2019) [295]. BaTiO3 and epoxy resin possess considerably 
better polarizability than polyethylene but also higher dc conductivities, limiting thus their 
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performance at higher electric fields due to destructive percolation effects (dielectric 
breakdown). Hence, further investigations in uniaxially oriented polyethylene 
nanocomposites could result into more attractive dielectric materials for capacitor 
applications [247]. More ideas on the topic are discussed in Chapter 5. 
 
4.1.4. Entanglements formation 
     In the present section of Chapter 4, the investigation of the formation of entanglements in 
uniaxially oriented dis-UHMWPE/gold nanocomposites employing broadband dielectric 
spectroscopy is presented. In Chapter 3 section 2 of the present dissertation, the advantages of 
this technique over rheology to study the formation of entanglements in the solid state were 
discussed. Here, uniaxially oriented dis-UHMWPE/gold nanocomposites are investigated, 
giving for the first time information on how entanglements affect entanglements. 
     The dielectric response of the uniaxially oriented dis-UHMWPE composites is presented 
in Figure 4.11, where the real part of dielectric permittivity as a function of frequency is 
shown at 160oC. The draw ratios DR1, DR2 and DR3 are given at Figure 4.11a, 4.11b and 
4.11c respectively. As an inset, the imaginary part of dielectric permittivity is also presented. 
The complex dielectric permittivity ε* is defined according to Equation (3.8) as shown 
previously.  
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Figure 4.11. The real part of dielectric permittivity as a function of frequency varying the 
time for the samples under study: (a) DR1, (b) DR2 and (c) DR3. As an inset the 
corresponding imaginary part of dielectric permittivity is presented.  
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     It is observed that the real part of dielectric permittivity increases significantly with 
decreasing frequency, indicating a strong dipolar polarization, as observed for all samples in 
Figure 4.11. With the evolution of time, the relaxation tends to lower frequencies, as it can 
also be evaluated by the imaginary part of dielectric permittivity, presented as an inset. The 
loss permittivity versus frequency in the log-log representation shows a linear behaviour, 
attributed to the contribution of dc conduction, masking the dipolar polarization peak. An 
effort is made to remove the conductivity term in order to appreciate the dipolar contribution 
alone, as seen below. 
     The Maxwell-Wagner-Sillars (MWS) interfacial polarization consists of a Debye 
dispersion model and the dc conduction contribution and is given by Equation (4.9) below: 
𝜀∗(𝜔) = 𝜀∞ +
𝜀𝑠 − 𝜀∞
1 + 𝑖𝜔𝜏
+
𝑖𝜎𝑑𝑐
𝜀0𝜔𝑠
                                                                                                      (4.9) 
where τ is the Debye relaxation time, lim
𝑓→0
𝜀∗ = 𝜀𝑠, lim
𝑓→∞
𝜀∗ = 𝜀∞, σdc is the dc conduction and 
s a parameter depending on the examined material  (0.5 ≤ s ≤ 1.0 and it is Ohmic when s = 1 
[297]) and ε0 is the dielectric constant of vacuum (8.854*10-12 F/m). In the analysis below, 
the assumption that the dc conduction is Ohmic (s = 1) is followed, based on the 
experimental conditions (homogenous low intensity external electric field) and the absence of 
ionic charges. After implementing Equation (3.7) in Equation (4.9), the MWS interfacial 
polarization can be split in a real and an imaginary part as shown below: 
𝜀′(𝜔) = 𝜀∞ +
𝜀𝑠 − 𝜀∞
1 + 𝜔2𝜏2
                                                                                                              (4.10a) 
𝜀′′(𝜔) =
(𝜀𝑠 − 𝜀∞)𝜔𝜏
1 + 𝜔2𝜏2
+
𝜎𝑑𝑐
𝜀0𝜔
                                                                                                    (4.10b) 
In the case of the imaginary part of dielectric permittivity the first part of the equation 
corresponds to the dipolar contribution and the second part to the Ohmic conduction 
contribution. In materials with relatively high values of electrical conductivity or weak 
dipolar response, the presence of charge carriers can mask the dielectric response and obscure 
the dielectric analysis, especially at low frequencies because the contribution of dc 
conductivity to loss permittivity follows a power law. Since the Ohmic conduction is present 
only in the loss permittivity part, following Equations (4.9 and 4.10), a way to remove the 
conductivity term is by applying the logarithmic derivative on the real part of dielectric 
permittivity as shown in Equation (4.11) [117]: 
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𝜀𝑑𝑒𝑟
′′ =  −
𝜋
2
𝜕𝜀′(𝜔)
𝜕𝑙𝑛𝜔
                                                                                                                         (4.11) 
thus, making the ε''der is approximately equal only to the dipolar contribution of the imaginary 
part of dielectric permittivity. To approximately calculate the dc conduction, the ε''der can be 
subtracted from the ε'' as seen in Equation (4.12):  
𝜀′′ − 𝜀𝑑𝑒𝑟
′′ ≈
𝜎𝑑𝑐
𝜀0𝜔
 
 
⇔ 𝑙𝑜𝑔(𝜀′′ − 𝜀𝑑𝑒𝑟
′′ ) =  𝑙𝑜𝑔 (
𝜎𝑑𝑐
𝜀0
) − 𝑙𝑜𝑔(𝜔)                                               (4.12) 
Equation (4.12) is a line with a slope equal to -1 and an intercept equal to log(σdc/ε0). 
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Figure 4.12. The logarithmic derivative of dielectric permittivity as a function of frequency 
(following Equation (4.11)) varying time for the samples under study: (a) DR1, (b) DR2 and 
(c) DR3. As an inset the log-log fittings of the imaginary part minus the logarithmic 
derivative of dielectric permittivity as a function of frequency (following Equation (4.12)) are 
presented with a fixed slope of -1.  
 
     In Figure 4.12, the logarithmic derivative of dielectric permittivity as a function of 
frequency varying the time is presented. A peak is clearly shown for all the samples and is 
attributed to the dipolar contribution of the Maxwell-Wagner-Sillars (MWS) interfacial 
polarization that forms due to the accumulation of charges at the interface of the 
insulator/conductor system [114,296]. However, since the MWS interfacial polarization 
enhances when materials of different electrical characteristics are in contact (dielectric 
permittivity, electrical conductivity) no significant dielectric effect is expected in the 
interface between crystalline and amorphous polyethylene, which can be more intense in the 
case of more polar or conductive semi-crystalline polymers [119,120]. This fact can be easily 
understood if a comparison is made between the sample PE_5.6 presented in Figure 3.7a and 
the DR1 sample presented in Figure 4.11a which both are tested at 160oC. Small molecular 
differences exist between the samples as given in Table 2.1, but the presence of 1% w/w of 
gold nanoparticles increased the variation in the real part of dielectric permittivity in the 
frequency range of 100 Hz to 104 Hz, from approximately 3.16 – 3.12 = 0.04 to 
approximately 5.80 – 4.80 = 1.00 i.e. around 25 times more. In addition, the testing 
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temperature is above the melting temperature, thus most crystalline structures should be 
considered molten. Dielectric evidence of some residual larger crystallites is given in Chapter 
3 section 1.2. As it can be appreciated from Figure 4.12, the peak moves to lower frequencies 
with the evolution of time for all the draw ratios. This comes in accordance with Chapter 3 
section 2 where at temperatures above 58oC, entanglements are energetically favoured and 
therefore are associated with the entanglements formation that hinders the polarization and 
thus increase the relaxation time of the process [107]. In addition, it seems that the relaxation 
strength is decreasing (peak intensity), although, since it is shifting towards the lower 
frequency edge outside the observational window of the experiment, is not possible to 
analyse the effect for the overall time frame.  
     According to Equation (4.12) presented previously, the dc conduction contribution can be 
approximately calculated by subtracting the ε''der from the ε'' by fitting log(ε'' – ε''der) versus  
logω. The corresponding fittings are given as an inset within Figure 4.12 varying time with 
R2 over 0.974 in any case, indicating the linearity of the obtained data. The fittings were 
performed only in the frequency range of 100 Hz to 101 Hz in order to exclude any 
mathematical artefacts at higher frequencies where the contribution of the dc conduction to 
the loss permittivity is less prominent.  
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Figure 4.13. The calculated estimation of the dc conductivity for the samples under study as a 
function of time. The lines serve as guides for the eye only. 
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     In Figure 4.13, the obtained dc conduction from Equation (4.12) is presented as a function 
of time for all the draw ratios under study. It is shown that the electrical conductivity is 
affected by the formation of entanglements mainly in the first 20 minutes of experiments then 
reaching a plateau value. According to Chapter 3 section 2, the real part of electric modulus 
as a function of time shows a similar increase (build-up) with the real part of mechanical 
modulus as obtained from melt plate-plate rheological measurement of dis-UHMWPE. 
Therefore, the equation that was first proposed by Yamazaki et al., [298] and Teng et al., 
[299] to follow chain entanglement and relaxation in rheological build up data or 
crystallization experiments and employed by Liu et al., [49] for dis-UHMWPE, can be 
employed here to fit the electric modulus build-up. The fitted values are presented in Figure 
4.14 and the expression can be seen below:  
𝑀′(𝑡) = 𝑀0
′ − ∑ 𝑀𝑖
′𝑒
(
−𝑡
𝜏𝑖
)𝑁
𝑖=1                                                                                                        (4.13)   
where Mʹ(t) here is the variation of the real part of electric modulus with time, Mʹ0 is the 
plateau value of the real part of electric modulus, Mʹi is an electric modulus increment 
corresponding to a characteristic time τi.  The reported findings in Figure 4.13 agree with the 
literature on the two time-regions of the entanglements formation, as explained in more detail 
in Chapter 1 section 2 [49]. However, the timescales involved in the rheological build-up 
experiments are significantly higher than the dielectric experiments presented here (i.e. in the 
range of an order of magnitude).  
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Figure 4.14. The real part of electric modulus for the samples under study as a function of 
time. As an inset, a normalized representation of the same data is provided with a common 
fitting as a superposition of extended time (t + t0) and draw ratio with DR3 being the 
reference sample (t0 = 0 s). The t0 parameter for samples DR1 and DR2 was calculated to be 
520.5 s and 347.0 s respectively. The lines correspond to fittings follow Equation (4.13) and 
the parameters are presented at Table 4.4. 
 
     Interestingly, if the values of electric modulus presented in Figure 4.14 were subject to 
normalization, then a similar concept as the time-temperature-superposition principle could 
be applied, but instead of temperature, draw ratio can be employed. The specific analysis 
presented in Figure 4.14 also gives another dimension to the analysis of dis-UHMWPE; that 
orientation hinders the formation of entanglements over time, even at the melt state, 
resembling thus what is expected from unoriented dis-UHMWPE sample of higher molecular 
weights, as discussed in Chapter 1 section 2. This could be an interesting tool to predict the 
properties of oriented samples at different draw ratios and maybe it could be combined with 
similar testing in different temperatures; combining thus the ideas presented in this chapter 
with Chapter 3 section 2. The aforementioned potential is going to be discussed more in 
Chapter 5.   
 
Stavros X. Drakopoulos, PhD thesis, September 2019, Loughborough University 
 
118 
 
Table 4.4. Fitting parameters for the real part of electric modulus as a function of time, 
according to Equation (4.13) employing two modes. The fitted superimposed data in the inset 
of Figure 4.14 are also included. 
Sample Mʹ0 (a.u.) Mʹ1 (a.u.) τ1 (s) Mʹ2 (a.u.) τ2 (s) R2 (a.u.) 
DR1 0.194 0.071 250.0 0.015 1783.1 0.99992 
DR2 0.201 0.179 227.8 0.015 1680.6 0.99979 
DR3 0.236 0.242 496.9 - - 0.99391 
Superimposed 1.000 1.000 483.1 - - 0.97149 
 
     Comparing the characteristic times, τ, as obtained from fittings of the rate at which the low 
temperature endothermic peak increases with the annealing time of a similar dis-UHMWPE 
sample in the literature [49] and our data in Table 4.4, it is visible that the chain explosion 
corresponds to our 2nd mode (τ2). Considering that the real part of electric modulus ‘’carries’’ 
both information from the dipolar response and the Ohmic conduction (combination of 
Equations (3.8) and (4.10)) variation in either affects its values. The effect of time in the 
formation of entanglements has been indeed observed in both the dipolar (Figure 4.12) and 
the Ohmic (Figure 4.13) response as discussed earlier. The 1st mode corresponds to the first 3 
to 5 minutes of experiments and is attributed to the more intense decrease in Ohmic 
conduction, as it can be appreciated from Figure 4.13. It might be associated with 
entanglements forming in the unentangled areas that previously were part of the extended 
nascent crystals. This notion also agrees with the evidence presented in Figure 4.13 where a 
stronger decrease in dc conductivity is observed as the draw ratio increases.  
 
4.2. Metallic filler: Au nanoparticles at high draw ratios 
     In the present section of Chapter 4, the dis-UHMWPE/gold nanocomposites previously 
discussed, are oriented at high draw ratios. The effect of orientation upon the structural 
characteristics of the samples was investigated by means of wide-angle and small-angle X-
ray scattering, Raman spectroscopy and near-infrared spectrophotometry. The presence of the 
gold nanoparticles and orientation affected the optical properties as observed via visible 
spectrophotometry.   
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Figure 4.15. 2D WAXS patterns of oriented UHMWPE/gold nanocomposites at (a) DR72.5 
and (b) DR150 with corresponding crystallinities Xc to be 84.8% and 86.3% respectively.  
 
     In order to understand the effect of tensile stretching upon the crystalline structure of 
UHMWPE, wide-angle X-ray scattering (WAXS) was employed.  In Figure 4.15, the 2D 
WAXS patterns are presented, where the anisotropy can be appreciated since higher intensity 
concentrated in the central region of the scattering arcs. Comparing with lower draw ratios of 
the same composites presented in Chapter 4 section 1.1, the increase in crystallinity at higher 
draw ratios is almost independent of orientation with corresponding crystallinities Xc to be 
84.8% and 86.3% for DR72.5 and DR150 respectively since the present of entanglements 
does not allow further crystallization with orientation. Hence, it evident that crystallinity is 
particularly sensitive to draw ratio only at the initial stages of orientation in respect to the 
disentangled amorphous chains that facilitate spherulitic deformation and then fibril 
transformation, as discussed in Chapter 1 section 4.  
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Figure 4.16. 2D SAXS patterns of UHMWPE/gold nanocomposites at (a) DR72.5 and (b) 
DR150. After integration, the (c) Guinier plot of the SAXS patterns are also given, fitted with 
the Guinier law. The diameters of the gold nanoparticles as obtained by the Guinier law for 
spherical nanoparticles are presented within the graph.   
 
     The 2D SAXS patterns are presented in Figure 4.16a and 4.16b and show a similar picture 
as the WAXS patterns in respect to anisotropy at the investigated high drawing ratios. 
Orientation brings an increase in intensity close to the meridian, as analyzed extensively in 
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the past [300]. Due to the highly anisotropic nature of the samples, a Lorentz-correction of 
the integrated spectra is not representative of the structures’ size and distribution [301]. For 
unoriented samples of HDPE and UHMWPE, the lamellar spacing is expected to be in the 
range 20 nm, as calculated by means of SAXS and presented in Chapter 4 section 1.1 
previously [279]. However, due to the presence of the gold nanoparticles and their 
corresponding scattering, this observation is not possible for the nanocomposites.  In order to 
calculate the average diameter of the gold nanoparticles, the Guinier law was employed 
following Equation (4.1) introduced previously. 
From this analysis the average size of the nanoparticles (aggregates) is presented within 
Figure 4.16c, and was found to be 11.2 and 12.3 nm corresponding to DR72.5 and DR150 
respectively, indicating that at high draw ratios, aggregation is favored, contradicting the 
observed phenomenon at low draw ratios discussed previously in section 1.1 of the same 
chapter, where the average diameter of the aggregated nanoparticles were observe to decrease 
as a function of drawing ratio. Here, the increase of the aggregates’ diameter is attributed to 
the decrease of the amorphous fractions with orientation (crystallinity increasing 
significantly) resulting into less available space for the nanoparticles to be relatively far away 
from each other. It should be taken into consideration that the nanoparticles lie in the 
amorphous regions of the hosting polyethylene matrix. If the crystallinity was not affected by 
orientation, we would expect the average size of the particles to decrease due to the breaking 
of aggregates; that is the case with very low drawing ratios (≤ DR 5) where the crystallinity 
slightly increases as discussed previously.  
     Uniaxial orientation also induces structural changes in the molecular vibrations for draw 
ratios up to 5, as previously discussed in section 1.1 of the present chapter. In Figure 4.17 the 
Raman shift of the highly oriented samples is presented. Evidently, no changes have been 
observed in the range of 1350 to 1000 cm-1 comparing with the samples previously presented. 
In the 1500 to 1400 cm-1 range, a complete diminish of the 1440 and 1463 cm-1 peaks was 
observed with only the peak at 1417 cm-1 be present indicating a strong increase of 
crystallinity, in agreement with WAXS presented in Figure 4.15. Instead of the 1463 cm-1 
peak, a very broad and weak halo at 1461 cm-1 is observed and is attributed to the amorphous 
segments.  
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Figure 4.17. Raman spectra as a function of wavenumber for UHMWPE/gold composites at 
high drawing ratios. 
 
     The visible and near infrared (Vis/NIR) absorption spectra of the composites are presented 
in Figure 4.18. In order to effectively compare the samples besides their thickness 
differences, the linear absorption coefficient, μ, is employed as presented in Equation (4.4). 
At the wavelength range between 1000 and 1800 nm (NIR) the absorption at high draw ratios 
exhibits three main peaks, all related to polyethylene alone indicating that high orientation is 
diminishing the 1392 nm and 1432 nm (2CH stretching) peaks to the point that they are no 
longer visible. It is also evident that with tensile stretching, the absorption coefficient values 
increase in addition to a change in the peak morphology. In the visible part of the spectrum, 
only one peak at 540 nm is visible and is due to the transverse plasmon resonance of the gold 
nanoparticles that are present in the amorphous regions of the polymer, as expected also from 
Figure 4.5 presented previously [288]. It is apparent that the plasmon peak is becoming 
broader with tensile orientation, indicating an increase in the average size of the nanoparticles 
(aggregates), in agreement with the experimental findings of SAXS discussed in Figure 4.16.  
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Figure 4.18. Vis/NIR absorbance of the UHMWPE/gold nanocomposites as a function of 
wavelength. For clarity, blue and green lines are employed to show the corresponding peaks.  
 
     The experimental data obtained by WAXS, SAXS and optical absorbance in the visible 
spectrum indicate that due to a decrease of the amorphous fractions, the gold nanoparticle 
aggregates increase in size with orientation, attributed to the decrease of amorphous fractions 
were the nanoparticles lie.  
 
4.3. Ceramic or organic filler: ZnO nanoparticles or β-carotene 
     Structural analysis on the effect of uniaxial orientation upon the crystalline structure of 
UHMWPE in the presence of either ZnO nanocomposites or β-carotene, was conducted by 
means of wide-angle X-ray scattering (WAXS).  In Figure 4.19, the 2D WAXS patterns are 
presented, where it can be appreciated that the anisotropy of the patterns increases with 
increasing orientation. The three lower draw ratio samples (only twin-roll calendering 
employed) already show signs of orientation, with more intensity concentrating in the central 
region of the scattering arcs. As the drawing ratio increases, more intensity is accumulated in 
the area surrounding the meridian, indicating and enhanced orientation, as also observed for 
the case of gold nanoparticle containing dis-UHMWPE samples and discussed in Chapter 4 
section 1.1 and 2 for low and high draw ratios respectively. With the application of tensile 
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stretching, no new crystallographic peaks were observed, thus no transition from the 
orthorhombic to the monoclinic crystal structures was observed, due to the application of 
mechanical stress. 
 
 
 
Figure 4.19. 2D WAXS patterns. (L – R): DR2.5, DR5.0, DR7.5, DR72.5 and DR150 draw 
ratios of dis-UHMWPE containing: (top) ZnO nanoparticles and (bottom) β-carotene. 
 
     In Figure 4.20, the crystallinity as a function of draw ratio is presented and was calculated 
by dividing the area below the crystalline peaks by the total area of crystalline and 
amorphous halos. Both samples exhibit an increase in crystallinity, from around 70% (DR = 
2.5) to values exceeding 82% (DR = 150). A small but still detectable variation was observed 
between the samples containing ZnO nanoparticles and β-carotene, ranging from 2% to 4% 
higher for ZnO. Since the concentrations of the fillers is extremely low (0.035% w/w), the 
crystalline structure of ZnO is not expected to affect significantly the overall crystallinity 
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values of the nanocomposites. On the contrary, the cause of this variation it is possible to lie 
on the size difference between the ZnO nanoparticles (< 100 nm in diameter) and the β-
carotene molecules (~ 2.5 nm in length). Since the β-carotene molecules are comparable in 
size with crystal defects, they might hinder cold-crystallization through stretching. However, 
this claim would require further testing to be proven. Comparing the crystallinity values 
obtained for the ZnO and β-carotene dis-UHMWPE samples with the aforementioned gold 
containing samples, no significant deviations were observed. At low draw ratios, the gold 
containing sample exhibit crystallinities in between the other two composites, while at high 
draw ratios, slightly higher values were observed. 
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Figure 4.20. Calculated crystallinities as obtained from the integrated WAXS patterns for the 
different fillers as a function of draw ratio, indicating an increase with uniaxial orientation. 
 
     This very low filler concentration (0.035% w/w) was chosen in order to minimize the 
effect of the fillers towards the thermal properties, intended for experiments employing 
transient grating spectroscopy, in order to measure the thermal conductivity varying the 
orientation. Since polyethylene is almost entirely transparent at the visible range, and the 
transient grating spectroscopy requires light absorption at such wavelengths, this trace 
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amount of fillers was required. Experimentation with the rolled samples (DR up to 7.5) 
showed that ballistic phonons travel distances as far as 200 nm by traversing crystalline 
domains, despite the relatively low draw ratio [248]. 
 
4.4. Conclusions 
     In the present chapter, the effect of uniaxial orientation of dis-UHMWPE in the presence 
of fillers was investigated. Three types of fillers were studied, metallic (gold nanoparticles), 
ceramic (ZnO nanoparticles) and organic (β-carotene). From these three types, the physical 
properties of the uniaxially oriented dis-UHMWPE/gold nanocomposites were studied while 
the other two types were only investigated with WAXS, showing an increase in crystallinity 
with orientation but not any change to monoclinic crystal structure because of the mechanical 
stress.  
     The structural characteristics of the dis-UHMWPE/gold nanocomposites at low drawing 
ratios were analysed by means of Raman spectroscopy, Vis/NIR spectrophotometry, small-
angle and wide-angle X-ray scattering, revealing an increase in crystallinity with increasing 
orientation, as well as a decrease in gold nanoparticle aggregation. Uniaxial plastic 
deformation significantly affected the thermal conductivity in a beneficial way increasing 
from the reported ~0.3 Wm-1K-1 of unstretched polyethylene to up to 4.6 Wm-1K-1, enabling 
faster cooling and favouring thermal management. The dielectric materials under study were 
subjected to experimentation as electrical energy storage devices for capacitor application, by 
testing their performance during charge and discharge cycles and found that the recovery 
efficiency increased dramatically in oriented samples. This phenomenon was attributed to 
interfacial polarization induced by the presence of gold nanoparticles in the dis-UHMWPE 
matrix, enhanced by the breaking down of the aggregates that resulted in higher surface area 
between the conducting nanoparticles and the polymer matrix. However, with orientation 
comes higher crystallinity, which hinders the polymer chains mobility and their ability to be 
polarized, reducing the permittivity of the composites. Therefore, a balance between 
orientation and recovery efficiency was observed, which in these systems was embodied by 
the nanocomposite stretched to drawing ratio 3, that yielded the optimum configuration.  
Therefore, the results presented in the present chapter are key for the design and fabrication 
of composites for electrical energy storage applications, providing valuable guidance on 
which crystallinity and orientation values should be chosen depending on the final properties 
that are sought. More generally, this study paves the way towards lighter, more efficient and 
thermally stable dielectric capacitors based on polymer nanocomposites.  
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     When subject to tensile orientation to achieve higher drawing ratios, it was observed that 
crystallinity reached a maximum value close to Xc ~ 85% and was then almost independent of 
orientation. After the SAXS analysis, it was observed that the increase of crystallinity had a 
negative effect upon the gold nanoparticles by favouring aggregation. Therefore, a decrease 
and an increase of the average size of gold aggregates were observed for low and high 
drawing ratios respectively, in association with crystallinity. The almost independent effect of 
orientation upon crystallinity, was also observed in other composites containing traces of 
ZnO nanoparticles and β-carotene respectively. 
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5. Conclusions & future work 
 
5.1. Concluding remarks      
     In the present doctoral thesis, the molecular origin of the chain relaxations as observed in 
linear disentangled ultra-high molecular weight polyethylene (both pure and as the matrix in 
composite systems) was investigated and discussed. Due to its disentangled character, more 
light was shed towards the formation of entanglements and how this affects the relaxation 
dynamics. In addition, the effect of uniaxial orientation upon the physical properties of the 
samples in the presence of fillers was another aspect that was investigated. The observations 
and conclusion are summarized below in a way to answer the initial five questions that were 
asked in the Introduction of the present doctoral dissertation: 
 
(1) What is the role of the disentangled amorphous phase upon the mechanical and 
dielectric relaxation dynamics in a broad range of temperatures and frequencies? 
To determine the disentangled amorphous phase, two basic dynamic techniques were 
employed; torsional rheology and broadband dielectric spectroscopy. Torsional rheology was 
employed to analyse the relaxation mechanisms in ultra-high molecular weight polyethylene 
in the temperature and frequency range of -130oC to 130oC and 10-2 Hz to 102 Hz 
respectively with a step of 5oC. To examine the disentangled character of our samples we 
applied two processing conditions: (a) solid-state compression moulding (125oC) and (b) 
melt-state compression moulding (160oC). To identify possible variations between our in-
house prepared sample and other types of linear ultra-high molecular weight polyethylene, 
we compared it with a melt-state processed, fully entangled commercial sample. As expected 
according to the literature, three basic processes were observed, namely αc-, β- and 𝛾-
relaxations, with the first being attributed to motions in the crystalline phase and the other 
two being related to the amorphous phase. It was determined that the melt-state processed 
samples (both in-house and commercial) exhibited a very similar rheological behaviour. That 
is attributed to the disruption of the initial (pristine) crystalline structure of the disentangled 
sample (where the crystallinity decreases from Xc ~79% prior to melting to ~37% after 
melting and re-crystallisation) reaching very similar crystallite concentrations with the 
commercial, and also to the formation of entanglements during the melt processing. The 
solid-state disentangled sample, however, showed a significantly different rheological 
behaviour, affecting all the relaxation processes. It was found from our analysis that after 
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plotting the normalized relaxation strength of each process with the crystallinity obtained 
from DSC, the αc- and 𝛾-relaxations showed a strong crystallinity dependence, where the first 
increased and the second decreased with the crystallite content respectively; the β- relaxation 
exhibited an independent relation to crystallinity. The observation that the 𝛾-relaxation is 
increasing in intensity with the amorphous increase is the first indication that we have that 
this relaxation might be the dynamic glass-to-rubber transition process. The second and 
strongest indication can be drawn by the non-Arrhenius temperature dependence that this 
process exhibits. It is very interesting to see that the non-Arrhenius dependence is observed 
only in the case of the solid-state processed disentangled sample. The non-Arrhenius 
temperature dependence is indicative of the dynamic glass-to-rubber transition process and 
thus the rheological experiments presented in this doctoral research are a direct indication of 
the Tg in linear UHMWPE. Following the interesting relaxation dynamics obtained by 
torsional rheology, dis-UHMWPE was examined by means of broadband dielectric 
spectroscopy in the temperature and frequency range of 50oC to 160oC and 100 Hz to 
0.429*106 Hz respectively with a step of 10oC. Because of the highly insulating character of 
polyethylene, Al2O3 catalytic ashes were employed as dielectric probes at a low 
concentration. The αc- and β-relaxations were identified with the latter consisting of two sub-
relaxations. An additional contribution to interfacial polarization was identified and attributed 
to the presence of Al2O3 particles: also, in this case we could identify the presence of two 
sub-processes in this relaxation. Since entanglements work as spatial constrictions in the 
movement of the chains, the fast sub-process (high frequency) was attributed to the 
disentangled amorphous phase while the slow sub-process (low frequency) to the entangled 
amorphous phase. 
 
(2) Is the solid state metastable like the melt state? 
Considering the metastable character of dis-UHMWPE in the melt state, a comparison 
between melt plate-plate rheology and dielectric spectroscopy was conducted via the modulus 
formalism. It is well-established in the literature that the real part of mechanical modulus 
increases over time due to the progressive formation of entanglements; the same effect was 
identified and presented in this doctoral thesis, employing dielectric spectroscopy via the real 
part of electric modulus. With the use of dielectric spectroscopy however, it was possible to 
monitor the formation of entanglements also in the solid state. By running different dis-
UHMWPE specimens each at a different temperature, it was experimentally observable that 
entanglements form at a temperature as low as 80oC. By constructing a model as a part of the 
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present doctoral research, the critical temperature for the formation of entanglements was 
calculated to be 58oC. This is a direct experimental observation that indeed entanglements 
can form in the solid state, given that enough energy is provided. 
 
(3) How does uniaxial orientation affect the physical properties? 
Although no experiments were conducted in plain dis-UHMWPE with orientation, constant 
filler concentrations were employed to determine the effect of uniaxial stretching. By means 
of wide-angle X-ray scattering and Raman spectroscopy, it was determined that crystallinity 
increased with orientation from 70% up to 86% in the unoriented (DR1) and highly oriented 
(DR150) state respectively. The thermal conductivity was also found to increase significantly 
even at lower draw ratios (≤ DR5) over 15 times, from ~0.3 Wm-1K-1 of unstretched 
polyethylene up to 4.6 Wm-1K-1. Due to the increase of crystallinity and thus the restriction 
upon the mobility of the dipoles, the dielectric permittivity was reduced from 5.6 to 3.6 at 
DR1 and DR5 respectively.  
 
(4) How does uniaxial orientation affect the formation of entanglements? 
Considering the applicability of dielectric spectroscopy to investigate the formation of 
entanglements as shown previously, similar experiments in oriented samples were firstly 
examined in the present doctoral thesis. The formation of entanglements was found to affect 
the interfacial polarization, as with the unoriented sample containing Al2O3 discussed earlier 
and also the dc conductivity). As expected from the formation of entanglements, the real part 
of electric modulus was found to increase with time and a master curve was designed to 
combine the data as a time and draw ratio superposition. From this analysis, the effect of 
orientation was found to hinder the formation of entanglements, therefore, a parallel can be 
drawn between uniaxial orientation and the increase of molecular weight in an unoriented 
dis-UHMWPE sample. 
 
(5) What is the role of nanofillers in the resulting physical properties with or without 
uniaxial orientation? 
The presence of fillers inside a dis-UHMWPE matrix was identified by means of several 
techniques. Gold nanoparticles were employed for their very high electrical conductivity to 
induce significant interfacial polarization phenomena in the highly insulating polyethylene 
matrix. Hence, dis-UHMWPE/gold samples were prepared as dielectric materials for 
capacitor applications. The dielectric properties were tested at room temperature in ac and dc 
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conditions. The ac capacitance was found to increase with orientation and very low dielectric 
losses were observed, both beneficial for capacitive energy storing systems.  By testing the 
electrical response during charge and discharge cycles in dc conditions, the recovery 
efficiency was observed to increase up to 30 times with orientation. This impressive 
performance was attributed to the breaking of large gold nanoparticle aggregates, as 
identified via Vis/NIR spectrophotometry. This resulted in higher surface area between the 
conducting nanoparticles and the polymer matrix, enhancing thus interfacial polarization. 
Considering the importance of crystallinity as a measure to increase dielectric breakdown 
strength and thermal conductance in order to effectively dissipate heat, the crystallinity and 
the thermal conductivity were both investigated and were found to increase with orientation 
as discussed previously. Since orientation induced crystallization, the chain mobility and 
polarization were hindered so the sample with draw ratio 3 exhibited the optimum 
performance.  
 
5.2. Future work 
     In this section, experiments under study or untested ideas that arose from the present 
doctoral research are briefly discussed.  
1. Neutron scattering experiments to determine the reptation characteristics of dis-
UHMWPE samples with graphene oxide are going to take place in the ILL institute in 
Grenoble in France. In the literature, evidence that graphene oxide hinders the 
formation of entanglements have been given via melt plate-plate rheology. This 
evidence will be further analysed with the proposed technique. 
2. The structural information of highly oriented dis-UHMWPE/gold nanocomposites by 
means of Raman spectroscopy, Vis/NIR spectrophotometry, SAXS/WAXS including 
the application of such composite as a polarizer are under preparation.  
3. It would be very interesting to investigate the formation of entanglements as a 
function of uniaxial orientation by means of dielectric spectroscopy in the presence of 
a ceramic nanofiller. It would be possible to obtain time-temperature-orientation 
superposition and predict the formation of entanglements in other disentangled 
polymers varying the temperature and the degree of orientation.  
4. Highly oriented dis-UHMWPE in the presence or not of nanofillers could be used for 
dielectric capacitor applications due to the highly insulating character of polyethylene 
and the significant increase in crystallinity with orientation. These two parameters are 
important to increase the dielectric breakdown strength and thus increase the electrical 
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energy storage. The presence of nanofillers could potentially increase the dielectric 
permittivity and increase even more the energy storage.  
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